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Crop species such as maize (Zea mays L.) have been extensively improved and 
adapted to meet the changing needs of humans. Improvements over the last century of 
modern maize breeding have been made by introduction, selection, and hybridization. There 
have been several traits such as aleurone color, starch or amino acid composition of the 
endosperm, and disease resistance which are controlled by one or a few genes with a 
defined phenotypic characteristic. These traits have a qualitative inheritance and are easy to 
manipulate because of the identifiable relationship between genotype and phenotype. 
The majority of traits require extensive efforts by maize breeders to improve because 
they lack a relatively simple, identifiable relationship between genotype and phenotype. 
These traits, such as grain yield, yield components, and plant height, have multiple loci which 
produce a continuous, or quantitative, range of phenotypes which a plant breeder must select 
among. Established methodologies to improve these traits are to recombine whole genomes 
and to evaluate individual members of the population to determine which ones contain a 
superior combination of genes for these traits. Little information is known on individual 
quantitative trait loci (QTL) because of the difficulty in separating the effects of multiple QTL 
from each other and because of the confounding effect environment has on the expression of 
alleles at these loci. Biometrical techniques have been used to assess gene action and the 
relative importance of genotypic and environmental variation (Hallauer and Miranda, 1988; 
Falconer, 1989). However, these methods have been limited to providing information 
averaged across all loci in the genome and not on any individual locus. 
Improvement of traits with quantitative inheritance could be facilitated if loci could be 
assessed and identified individually. Sax (1923) demonstrated that factors controlling seed 
weight in Phaseolus vulgaris were associated with simply-inherited seed-color markers. This 
demonstrated the possibility that QTL could be traced if a marker system existed. Few 
morphological markers are present to make his discovery widely used in elite breeding 
populations. 
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Botstein et al. (1980) introduced a class of molecular markers that were plentiful, had 
no deleterious effects on the genome, and had codominant inheritance. These are restriction 
fragment length polymorphisms (RFLPs). Since the introduction of RFLPs, their use was 
suggested in plant species (Tanksley, 1983; Burr et al. 1983), and RFLP linkage maps were 
created in many crop species (Bernatzky and Tanksley, 1986; Coe et al., 1990; Keim et al., 
1990). With the advent of statistical theory to identify associations between these markers 
and QTL (Weller, 1986; Lander and Botstein, 1989) and the availability of computer programs 
that incorporated these statistical techniques (Lander et al., 1987; Paterson et al., 1988) 
identification of QTL for many traits in many species was possible. 
In maize, recent studies have reported QTL for specific traits such as morphological 
traits (Beavis et al., 1991; Edwards et al., 1992; Veldboom et al., 1994), tolerance to nutrient 
stress (Reiter et ai., 1991) or heat stress (Ottaviano et al, 1991), insect resistance (Schon et 
al., 1993), and disease resistance (Freymark et al., 1993). This studies have reported the 
number of detectable QTL for these traits and several parameters such as the genomic 
location, parental contribution of alleles affecting the trait, and the size and type of genetic 
effects. Subsequent studies have explored more difficult questions in quantitative trait 
inheritance such as heterosis (Stuber et al., 1992) and QTL-by-environment interaction 
(Paterson et al., 1991; Stuber etal., 1992; Bubeck et al., 1993; Schon et al., 1993). 
In breeding programs, plant breeders attempt to select lines that perform well or are 
stable across a diversity of environments (Rosielle and Hamblin, 1981). Different strategies 
have been proposed to accomplish this goal, but lines that perform superiorly in one 
environment often are not the lines that perform superiorly in another environment (Johnson 
and Geadelmann, 1989). Atlin and Frey (1990) concluded on the basis of yield in high- and 
low-productivity environments that substantially different sets of alleles conditioned yield in 
the two environments. The question arises then for QTL mapping studies whether QTL can 
be consistently detected across environments. Paterson et al. (1991) found few QTL that 
were detected in two diverse environments in an interspecific cross of tomato. Bubeck et al. 
(1993) found that different QTL were detected across environments for gray leaf spot in 
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adapted-by-exotic populations of maize. Conversely, Stuber et al. (1992) found that yield 
and morphological trait QTL in adapted maize populations were relatively consistently 
detected across six diverse environments. Also, Schon et al. (1993) found that QTL for 
resistance to second-generation European corn borer were consistent in two environments. 
Conclusions of authors of these studies varied from stating that many environments would 
be needed to detect QTL affecting traits of interest (Paterson et al., 1991) to stating that major 
QTL could be identified in a few environments (Stuber et al., 1992). 
Relatively simple progeny types such as single plants or lines derived from selfing or 
backcrossing single plants have been used in these previously discussed studies. Per se 
performance of maize lines have often been poor indicators of the lines usefulness as a 
parent in a hybrid combination for most traits important in maize breeding programs (reviewed 
by Hallauer and Miranda, 1988). Therefore, these QTL detected for traits on the basis of per 
se line evaluations might possibly not be QTL that affect the performance of the trait in hybrid 
progeny. In maize breeding programs, lines are selected on the basis of the performance of 
their testcross progeny, also referred to as their combining ability. 
The concepts of general (GCA) and specific (SCA) combining ability effects were 
established early in modern maize breeding history (Sprague and Tatum, 1942). GCA has 
been defined as the average performance of a line in hybrid combinations due to genes with 
additive effects. SCA was defined as the performance of lines in certain combinations relative 
to the other lines and was attributed to interaction of factors, or dominance deviations. These 
concepts are widely accepted and have been put to practical use in modern maize breeding 
programs (Hallauer, 1990). Little progress has been made on understanding these concepts 
beyond that established by Sprague and Tatum (1942). By using RFLPs and QTL mapping 
techniques, these effects can be detected and the parameters of their underlying factors 
determined. Recently, SCA effects have been mapped in maize populations (Beavis et al., 
1994; Schon et al., 1994). These studies have used testcross progeny of population of 
segregating lines. Beavis et al. (1994) reported SCA QTL for yield and several 
morphological traits of an adapted U.S. Corn Belt population with one tester. They found that 
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regions containing these QTL for SCA effects were almost always unrelated to regions 
containing QTL for the same traits evaluated as lines per se. Schon et al. (1994) reported 
QTL for SCA effects for two testers on an European flint maize population for the traits 
protein content, kernel weight, and plant height. They also reported that many differences 
existed between detecting QTL in testcross progeny and lines per se. Both of these studies 
reported little differences in the QTL detected for SCA effects across environments. 
The objectives of this research were divided among two types of progeny from the 
same segregating population. The first objective was to evaluate 150 segregating maize 
lines per se to characterize QTL controlling grain yield, yield components, and morphological 
traits. Opportunistic differences in weather conditions in the two testing years presented a 
rigorous test of the ability to detect QTL in diverse environments and to allow an insight into 
differences in expression of QTL in stress and nonstress environments. The second 
objective was to characterize QTL for SCA and GCA effects in testcross progeny of 194 
segregating lines among three testers. SCA effects were determined using the trait values 
from individual testers, and GCA effects were determined by pooling the values over the 
three testers for use in QTL mapping. This pooling of testers across testers to determine 
GCA effects was first proposed by Sprague (1946). From these experiments several 
questions in quantitative trait inheritance can be studied. These include consistency of QTL 
detection in diverse environments, differences in SCA effects and their ranking of parental 
alleles among testers, consistency of SCA and GCA QTL detection across environments, 
and the relationship of QTL identified in per se and testcross progeny types in maize. 
Dissertation Organization 
This dissertation includes four manuscripts to be submitted to Crop Science. The first 
two manuscripts report on the genetic mapping of quantitative traits in F2;3 lines per se of an 
elite maize population in stress and non stress envrionments. The first manuscript examines 
grain yield and yield components, and the second manuscript examines morpological traits 
(flowering and ear and plant heights). The third manuscript reports on the genetic mapping of 
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general and specific combining effects of grain yield and grain moisture in testcross progeny of 
the previously mentioned ^2:3 lines. The fourth manuscript compares the genetic mapping of 
general and specific combining effects in stress and non stress environments for 
morphological traits (flowering and ear and plant heights). These manuscripts are preceded 
by a General Introduction section and followed by a General Conclusions section. The 
references cited in the General Introduction and General Conclusions sections are listed in the 
section Literature Cited. 
GENETIC MAPPING OF GRAIN YIELD AND YIELD COMPONENTS IN MAIZE IN 
STRESS AND NONSTRESS ENVIRONMENTS 
A paper submitted to Crop Science 
Lance R. Veldboom and Michael Lee* 
Abstract 
The utility of restriction fragment length polymorphisms (RFLPs) in detecting 
quantitative trait loci (QTL) in maize (Zea mays L.) populations has been established. 
Conflicting results have been reported on the ability to consistently detect the same QTL 
across environments. Our objectives were to compare the QTL for grain yield and yield 
components detected in two diverse environments in an elite, adapted maize population and 
to investigate the relationship among the genetic factors controlling these correlated traits. A 
population of 150 Fzis lines was produced from the cross of elite inbreds Mo17 and H99. The 
lines were evaluated for two years at the same location. The first year had relatively average 
growing conditions, but the second year with cool, wet growing conditions provided a stress 
environment. Grain yield and yield components were measured on replicated progeny each 
year. By using a linkage map of 111 loci, QTL determinations were made in the two 
environments and in the mean of the two environments. About 50% of all QTL detected 
across environments were detected in both environments. These QTL were consistent in the 
magnitude of their effects and parental contribution. QTL determinations in the mean of the 
two environments were most informative in that 74% of all QTL and about 82% of the QTL 
detected in each of the individual environments were identified in the mean environment. Most 
QTL were identified in regions that had QTL for two or more yield components. Parental 
contribution and location of these QTL corresponded to the correlation between the 
respective traits. 
Dep. of Agronomy, Iowa State Univ., Ames, lA 50011. Journal Paper no. J-16059 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. *Corresponding author. 
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Introduction 
In maize, recent studies have reported QTL for specific traits such as morphological 
traits (Beavis et al., 1991; Edwards et al., 1992; Veldboom et al., 1994), tolerance to nutrient 
stress (Reiter et al., 1991) or heat stress (Ottaviano et al., 1991), insect resistance (Schon et 
al., 1993), and disease resistance (Freymark et ai., 1993). These studies have focused on 
identifying quantitative trait loci (QTL) for individual traits in genetically simple populations 
such as F2 plants or derived lines with limited replication of progeny and limited sampling of 
environments. Subsequent studies have explored more difficult questions in quantitative trait 
inheritance such as heterosis (Stuber et al., 1992), detection of QTL in more complex progeny 
types such as testcross progeny (Schon et al., 1994; Beavis et al., 1994), and QTL-by-
environment interaction. 
Plant breeders attempt to select genotypes that perform well or are stable across 
environments, including nonstress (or average) and stress environments (Rosielle and 
Hamblin, 1981). However, this does not always seem to be possible, especially for yield 
(Johnson and Geadelmann, 1989). Identifying QTL that show consistency in expression 
across environments, even diverse environments, would be desirable for a marker-assisted 
selection regime. In an interspecific cross of tomato (Lycopersicon spp.), Paterson et al. 
(1991) reported that QTL were usually detected in only one of two diverse environments, 
suggesting that single environments will underestimate the number of QTL. Bubeck et al. 
(1993) also found inconsistency in QTL detection among environments for the disease gray 
leaf spot (caused by Cercospora zeae-maydis Tehon & Daniels) in populations of exotic-
by-adapted maize lines. While a lack of consistency in QTL detection may be true for 
unadapted populations, it may not be true for populations adapted and widely grown in the 
testing environments. Stuber et al. (1992) grew hybrid progeny of two adapted maize 
populations in geographically diverse environments (Iowa, Illinois, and North Carolina) and 
found similarity in QTL detected for grain yield and morphological traits in each environment. 
They recommended that only two or three environments were needed to detect major QTL. 
Schon et al. (1993) found that QTL for second-generation European corn borer resistance 
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were consistently detected in two environments in a population produced from a single-cross 
of adapted inbreds. Schon et al. (1994) also found relatively consistent QTL detection for 
morphological traits across environments in European maize lines grown in adapted 
environments. 
Grain yield is one of the most important traits to maize breeders, yet it remains difficult 
and expensive to assess (Hallauer, 1990). Therefore, there has been considerable interest 
in developing easier methods to select for grain yield such as selecting for correlated traits. 
These attempts, however, have not proved useful in increasing grain yield (Salazar and 
Hallauer, 1986). Lack of success in selection among correlated traits results primarily from our 
lack of understanding of the interrelation of the underlying factors controlling correlated traits. 
According to Aastveit and Aastveit (1993), there are three causes of traits being correlated: 
pleiotropy, linkage, and environmental effects. If pleiotropy or tight linkage is present, gains 
could be made by selection for correlated traits. Individual correlated components of yield may 
respond to environmental cues with or without changes in other components producing a 
compensating effect. Therefore, we need to gather evidence that allows discrimination of 
linkage, pleiotropy, and environmental effects. Knowledge of the genetic location of genomic 
regions associated with trait expression would advance our understanding of the biological 
basis of correlation among traits. Using QTL studies, we have begun addressing these 
questions. Stuber et al. (1987), Edwards et al. (1992), and Veldboom and Lee (1994a) have 
demonstrated that QTL for correlated traits were commonly associated within the same 
genomic regions. More evidence, however, needs to be gathered in maize populations. 
Our objectives were twofold in the detection of regions explaining variation for grain 
yield and its components. The first objective was to compare the detection of QTL for these 
traits in two climatically diverse environments that occurred randomly in the adapted growing 
region of the maize population. The second objective was to examine the genetic basis of 
correlation among traits by observing the location and interaction of QTL throughout the maize 
genome for these correlated traits. 
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Materials and Methods 
Population 
Experimental methods, F2:3 lines, RFLP marker loci, and statistical analyses were 
previously described in Veldboom et al. (1994). One hundred-fifty F2:3 lines were derived 
from the cross of inbreds Mo17 and H99. These U.S. Corn Belt adapted inbreds are 
considered to be part of the 'Lancaster Sure Crop' heterotic group (Meichinger et al. 1991) and 
adapted to the Central Corn Belt. In the 1988 breeding nursery near Ames, Iowa, a single Fi 
plant was self-pollinated. Unselected F2 plants were self-pollinated in the 1988-1989 Hawaii 
winter nursery to produce seed for 150 Fa-.a lines. This seed was used to produce the plants 
for DNA analysis and analyze the lines in 1989. In the 1989 breeding nursery, the lines were 
sib-mated by using 10 plants and pollinating the ear shoot of one plant with the pollen of 
another plant of the same line to increase seed for the 1990 evaluation of the lines. This will 
increase the inbreeding coefficient slightly from 0.50 to 0.53 but have little effect on line 
evaluation compared with selfing the lines another generation for increasing seed. 
Field design 
The 150 lines plus six entries of a bulk of all 150 lines were evaluated in two 
replications of a 12 x 13 lattice design at the Agronomy and Agricultural Engineering Research 
Farm near Ames, lA, in 1989 and 1990. The single-row plots were 5.5 m long with 0.76-m 
spacing between rows. Plots were machine-planted at a density of 76 500 kernels ha-i on 20 
April 1989 and on 25 April 1990. They were thinned at the six- to eight-leaf stage to a density 
of 57 400 plants ha-i. Fertility and cultivation regimes were consistent with optimum maize 
production for this region. Data on the parents were taken from the Iowa Experimental Corn 
Trials inbred test grown at the same location and planted 24 April 1989 and 23 April 1990 
(Russell et al., 1989; Hallauer et al., 1990). Climatic conditions were measured at the research 
farm. Growing degree days (GDD) were calculated from the daily minimum and maximum 
temperatures (Aldrich et al. 1986). 
10 
Grain yield and yield component traits were measured on the hand-harvested ears on 
a plot basis as follows: 
Grain yield (GY) is the total weight (g) of shelled grain dried at 60°C for 7 d and 
converted to Mg ha-i. 
Kernel weight (KWT) is the weight (g) of a 300-kernel sample from total shelled, dried 
Ear number per plant (ENP) is the total number of ears in a plot divided 
number of plants in the plot. 
Ear length (EL) is the average length (cm) of 10 primary ears. 
Ear diameter (ED) is the average diameter (cm) of 10 primary ears. 
Cob diameter (CD) is the average diameter (cm) of 10 cobs of primary ears. 
Kernel depth (KD) is the calculated depth (cm) obtained by (ED - CD)/2. 
Kernel row number (KR) is the average number kernel rows of 10 primary ears, 
assays 
RFLP assays were previously described in Veldboom et al. (1994). RFLP markers 
were included to improve coverage on the short arms of chromosomes 4 and 7 and on the 
long arms of chromosomes 1 and 10. This provided a linkage map of 110 RFLP loci and one 
morphological locus, P1. On chromosome 4, there was not enough evidence to statistically 
link the interval between bt2 and npi292. These two linkage groups were combined at these 
loci on the basis of previously published maps (Coe et al., 1990). Accordingly, QTL 
determinations were not made in this region. The centromere of each chromosome was placed 
on the basis of approximations reported by Coe et al. (1990). On the basis of these 
centromere placements, loci will be referred to throughout this paper as being in a region such 
as 3S where the '3' refers to the chromosome and 'S' refers to the short arm, which is the 
portion above the centromere on our linkage map (Fig. 1). Also, 'L' and 'C will refer to the long 






Entry means were adjusted for lattice block effects according to Cochran and Cox 
(1957) for each trait in the 1989 and 1990 trials. For each trait, the trait values of each line 
were averaged over the two environments to produce a trait value referred to as the mean 
environment value. Heritabilities were calculated according to Haiiauer and Miranda (1988) 
and exact 90% confidence intervals on the heritabilities were calculated according to Knapp et 
al. (1985). Phenotypic and genotypic correlations were calculated on the basis of adjusted 
entry means according to Mode and Robinson (1959). Standard errors of the genotypic 
correlations were determined according to Falconer (1989). 
QTL were determined on the adjusted entry means of the 1989 and 1990 
environments and the mean environment by interval mapping by using MAPMAKER-QTL 
(Ver. 0.9) (Lander and Botstein 1989). QTL determinations were made on the basis of a 
method proposed by Bridges (1994). Marker intervals were initially chosen on the basis of 
meeting a minimum LOD threshold of 2.0 in an unconstrained, individual genetic model to 
identify as many markers as possible showing association with trait loci. The intervals that 
meet the initial criterion were considered the initial set of inten/als. The initial set of marker 
intervals were fitted to a multiple model in a forward-selection stepwise fashion based on the 
method described by Hocking (1976) to remove those intervals identified due to collinearity of 
the data; i.e., regions with a similar arrangement of RFLP scores due to sampling. The 
inten/als were sequentially fitted to the multiple model starting with the interval having the 
largest LOD value. Marker intervals with the next largest LOD value were added singularly 
to the model and kept in the model if the interval increased the overall LOD of the model by 
2.0 or greater. Intervals that met these criteria were then considered as QTL contributing 
significantly to the variation of the trait. Inten/als that did not meet this criteria were not 
considered again in the model. 
Genetic effects attributable to individual putative QTL and the total percentage of 
phenotypic variation explained (% a^p) were estimated within the multiple model in which all 
significant QTL were fitted simultaneously. Determining QTL effects simultaneously in a 
multiple model is recognized as being more accurate than individual models (Jansen and 
Stam, 1994). Additive effects of QTL that did not remain in the multiple model but were 
identified to the same interval in another environment were reported, but their effects are 
estimated in the unconstrained, individual model. Such loci are identified in Table 5. Because 
F2:3 progeny were used for trait evaluation, the estimates of dominance effects of genotypic 
means are expected to be reduced by half from heterozygous F2 plants. In this instance, 
estimates of dominance effects were doubled in accordance with established procedures 
(Mather and Jinks 1971). Average levels of dominance were calculated as the ratio d/a with 
the dominance effects, d, being the dominance effects estimated for the F2 population. Gene 
action was determined on the basis of the average level of dominance by using the criteria of 
Stuber et al. (1987): additive (A) = 0 to 0.20; partial dominance (PD) = 0.21 to 0.80; 
dominance (D) = 0.81 to 1.20; and overdominance (OD) > 1.20. Because the effects of the 
QTL were estimated in the same experiment in which the QTL were found significant, it is 
realized that the effects will be biased upwards (Lande and Thompson 1990). The 
proportion of genotypic variation explained (% a2g) by the multiple model was estimated by 
the ratio: % (Anderson et al.,1993; Schon et al.,1994). 
Results and Discussion 
Linkage map 
The linkage map was previously described in Veldboom et al. (1994). Probes have 
been added to specific regions of the linkage map (Fig. 1). The short arm of chromosome 4 
(4S) has been extended 40.4 cM, 7S extended 35.6 cM, and 10L extended 12.8 cM. Also, 
isu117 was added to 2L. On chromosome 1, an1 (provided by S. Briggs, Pioneer Hi-Bred 
Intl.) was added to a 42.2 cM gap between umc37 and isu18. Average interval length of the 
linkage map remains approximately 15 cM. 
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Environmental conditions 
The climatic conditions of 1989 and 1990 were different in terms of precipitation and 
GDD accumulation (Table 1). Precipitation in 1989 was about 20% less than the site 
average for the growing season. The proceeding growing season, 1988, was the driest year 
on record. However, timely rainfall permitted favorable plant growth and grain production. 
GDD accumulation was similar to average In 1989. In 1990, precipitation during the growing 
season was 55% greater than average. Total GDD accumulation for the 1990 trial was 
above average, but the excess GDD were accumulated late in the growing season after 
anthesis. Two stressful periods occurred in 1990 during germination and early seedling 
development in May and during pollination and early kernel development in July in which 
precipitation was about twice the average, and GDD accumulation was less than average. 
These cool, wet climatic periods were likely major determinants of a 17% reduction in GY and 
a 20% reduction in KWT in the Fz-s lines in the 1990 trial compared with the 1989 trial. No 
obvious disease or insect problems were present to cause this decrease in yield. Because 
of the climatic conditions and reduced yield in 1990, we consider 1990 to be a stress 
environment and 1989 to be a nonstress, or average, environment. 
Field data analysis 
The means of the parental inbreds and Fais lines and the variance components of the 
F2:3 lines are shown in Table 2 for the 1989,1990, and mean environments. For the lines, 
means of all traits except KD were significantly less in 1990. Genetic variances were less for 
all traits in 1990 compared with 1989 but were significant for all traits in both environments. 
Experimental errors decreased for grain yield but increased for most of the other traits 
indicating an increase in the plot-to-plot variation possibly due to the climatic conditions in 
1990. Rosielle and Hamblin (1981) have reported that estimates of genetic variance are often 
smaller in stress environments. Mo17 and the F2:3 lines showed similar responses to the 1990 
environment in that GY, KWT, EL, and KR each decreased in the cool, wet environment. H99, 
however, seemed to demonstrate tolerance to the stress as indicated by its performance for 
GY, ENP, EL, and KR in 1990. Also, KWT of H99 did not decrease as much as did the KWT 
of Mo17 or the mean of lines. Transgressive segregation was evident for each trait. All traits 
have highly significant (p < 0.01) differences among the lines and highly significant genotype-
by-environment interactions. Heritabilities are consistent with those reported for ^2:3 lines 
(Table 3) (Hallauer and Miranda, 1988). 
Minimal differences were obsen/ed between the phenotypic correlations of the traits in 
the two environments. Therefore, only phenotypic correlations across years are reported 
(Table 4). Phenotypic correlations were positive and significant between GY and each of the 
yield components. ENP was only correlated with GY and EL. The yield component with the 
largest correlation with GY was EL. Correlations are similar to those reported previously (cf. 
Hallauer and Miranda, 1988). Genetic correlations were similar to the phenotypic correlations. 
Detection of QTL 
The additive effects and direction of response of QTL detected in the nonstress and 
stress environments and the mean environment are summarized by chromosomal regions 
(Table 5). There were 39 QTL identified (region by trait combinations) across each 
environment and the mean environment. Of these QTL, 74% (29) were detected in the mean 
environment, 67% (26) were detected in the nonstress environment, and 74% (29) were 
detected in the stress environment (Table 3). All but two of the QTL detected in the mean 
environment were also detected in at least one of the environments. No QTL were detected 
in the nonstress and stress environments that were not detected in the mean environment. 
The detection of QTL by using the mean of the two environments should be most efficient 
because of the reduction of the standard error of the line values for each trait when the same 
number of lines are evaluated. Thus, the power to detect QTL should be increased even 
though the environments were diverse and significant genotype-by-environment interactions 
occurred for each trait (Table 2). Of the QTL identified in the mean environment, 81% (21 of 
26) were detected in the nonstress environment and 83% (24 of 29) were detected in the 
stress environment. Cowen (1988) predicted that additive (i.e., main) effects could be 
detected in the range of 1/12 to 1/2 the LSDq.os by using 100 S1 (or F2:3) lines with six 
replications. In this study of 150 lines with four replications, additive effects were detected in 
the range predicted by Cowen for most traits (0.24 LSDq.os for ENP and 0.52 LSDq.os for 
KWT) except GY in which the smallest effect was 1.85 LSDq.os- This demonstrates the 
difficulty of detecting QTL for GY in this study even though the heritability and magnitude of 
the standard error for GY was comparable to the other traits. 
Detection of QTL in a single environment was not the best predictor of detection of 
QTL in the other environment. Only 50% (18 of 37) of all QTL detected among the two 
environments were detected in both environments. Eight QTL were detected in 1989 but 
were not detected in 1990, and 11 QTL were detected in 1990 but were not detected in 1989. 
Four of the QTL detected in only one environment were initially detected in the other 
environment in a single model but did not significantly contribute to the multiple model. It is not 
known if the QTL identified in only one environment are related to intolerance or tolerance to 
the stress environment. It might be expected that QTL detected in only one environment 
were ones that had small additive effects for a given trait, and their detection depended on the 
size of the residual error relative to the size of the additive effect. This may be true for the 
QTL initially detected in the individual models but did not remain in the multiple model. In 
contrast to these QTL, the KWT QTL on 3C and the KD QTL on 3L ranked among the largest 
additive effects for those traits, yet they were detected only in 1989. Therefore, environment 
seemed to have had a greater influence on these QTL. 
In comparing the additive effects of the QTL that occurred in both environments, the 
parental contribution was always the same and estimates of the additive effects were similar. 
The estimates of the additive effects generally correspond to the means of the traits in the two 
environments. For KD, the mean of the F2:3 lines was the same in both environments, and the 
additive effects of its QTL, which occurred in both environments, were nearly identical. For 
the other traits, the mean of the lines was lower in the 1990 trial, and the values of the QTL 
follow this general pattern. Two exceptions, however, occurred which may be considered an 
environmental interaction. The KWT QTL on 2L and the EL QTL on 6L had greater additive 
values in the stress environment. Whether these differences are significant is unknown. In 
plant breeding programs, it is most beneficial if environmental interactions are changes in size 
of the effect, or noncrossover interaction, and not changes in the direction of the effect, or 
crossover interactions. This lack of QTL interaction is surprising because each trait had highly 
significant genotype-by-environment interactions. Stuber et al. (1992) and Schon et al. 
(1994) also observed little environment by QTL interaction when the lines themselves had 
significant genotype-by-environment interaction. 
Traits that are genetically correlated should have loci in common because of either 
linkage or pleiotropy (Aastveit and Aastveit, 1993). QTL of correlated traits in this study 
seem in agreement with this, although we cannot distinguish between linkage and pleiotropy 
with QTL mapping. For traits that were positively correlated and had QTL identified in the 
same region, both traits have the same parental alleles contributing to increasing the trait. The 
negatively correlated traits KWT and KR had QTL on 4L, and the additive effects had different 
parental contributions. Uncorrelated traits had mixtures of parental direction for QTL in 
common regions. EL had the highest correlation with GY and these traits were the most similar 
in the number of QTL detected and their genomic location. 
QTL effects 
Because the majority of the QTL in this population were identified in the mean 
environment, and their additive effects were consistent with respect to the nonstress and 
stress environments, these QTL have been summarized as representative of the population 
(Table 6). Mo17 had larger values for all traits except KR, and Mo17 contributed alleles that 
increased the trait value at 21 of the 29 QTL (Table 6). For GY, EL, and KR, only Mo17 
alleles increased the trait values at these QTL. H99, the parent with the greater number of 
kernel rows, did not contribute alleles for increasing the trait value among the QTL detected for 
KR. 
Gene action of all QTL for all traits was partial dominance to overdominance. Of these 
QTL, 43% exhibited partial dominance, 40% overdominance, and the remainder exhibited 
dominance effects. Pseudo-overdominance could be the explanation for this relatively high 
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level of overdominance (Moll et a!., 1964). These QTL are identifying regions of the genome, 
and several loci could actually be contributing to the overall effect that is being detected in that 
region (Haley and Knott, 1992). Therefore, loci in repulsion linkage which are at their maximum 
in F2-derived lines, could account for some of the overdominance effects. The additive effects 
of genes in repulsion linkage would partly cancel each other, which would allow the overall 
dominance effect to seem larger than the underestimated additive effect. The final result is an 
observable overdominance at the locus. 
There is one region on chromosome 6 between bnl5.47 and npi280 that is very 
important for almost all traits reported in the present study. This region was also associated 
with flowering and plant and ear height (Veldboom and Lee, 1994b). In all instances, Mo17 
contributed to increasing the yield component and plant stature traits. It could be that there 
are either several QTL clustered that control each of these traits (or a subset of these traits), 
or there is one QTL that has a pleiotropic effect on these traits. This region contains the only 
QTL in the mean environment for GY and explains 39% of its phenotypic variation. For 
maize, seed production or grain yield is the ultimate means of ensuring that the plant's genes 
are maintained in the natural population. Therefore, a reasonable assumption is that all genes 
in the maize genome ultimately contribute to the production of seed; i.e., grain yield cannot act 
independently of any gene in the genome. Each of the three QTL for GY detected in this 
study had two to five other yield component QTL identified to the same region (Table 5). On 
the assumption that grain yield cannot act independently, this would suggest that these yield 
component QTL must have pleiotropic effects on GY, albeit linked QTL for these traits could 
also occur in a region. It might be expected that GY QTL would be detected in all regions that 
yield component QTL were detected. However, these other yield component QTL most 
likely have effects that on average are smaller then what is distinguishable from residual error 
(Veldboom and Lee, 1994a). Edwards et al. (1992) observed a similar situation suggesting 
pleiotropy with plant height and plant height components. 
The amount of genetic variance explained by QTL varies for these yield component 
traits. KR, which had one of the highest heritabilities (0.88) had only 51% of the a^g 
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explained by the QTL model. KD, however, with a of 0.64 had 71% of o2g explained. GY 
and KWT each had of 0.83. Yet, KWT had almost 90% of its a^g explained by seven 
QTL, whereas GY had only 47% of its explained by one QTL. These data do not meet 
expectations described by Lande and Thompson (1990) that for a given sample size, the 
amount of genetic variation explained is proportional to the heritability of the trait. GY has 
remained arduous for breeders to improve (Hallauer, 1990), and it remains elusive to the 
detection of QTL in this study. 
Rosielie and Hamblin (1981) refer to the means of lines over stress and nonstress 
environments as mean productivity. They have predicted that selection for improved mean 
productivity will always improve the trait in the stress and in the nonstress environments 
when a2g nonstress > o^g stress, which occurs in this population. Mean productivity could also be 
referred to as the mean performance of the trait in stress and nonstress environments. 
Extrapolating this theory to QTL identified for mean performance (the mean environment) 
would result in the conclusion that these QTL should also improve the perfomnance of those 
lines, which contain them, in both stress and nonstress environments. 
Conclusions 
We have shown that QTL for yield and yield components show consistent effects 
when identified in diverse environments. All QTL detected in both environments were similar 
in size of effect, were associated with the same locus or tightly linked loci, and always had the 
same parental contribution. About 50% of the QTL were identified in both 1989 and 1990, 
although about 10% (or 4) more of the QTL detected in one environment were also detected 
in a single QTL model in the other environment. The best approach to QTL detection based 
on these results is to use an average of the randomly occurring environments, including the 
rarer stress environments. Because of the increased precision, estimates of trait values 
averaged over several environments will aid in the detection and characterization of QTL. In 
this study, 74% of all QTL and about 82% of the QTL identified in either the nonstress or 
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stress environment were identified by using the mean environment for interval mapping. 
These results corroborate Stuber et al. (1992) and Schon et al. (1994) who found QTL 
detection to be relatively consistent in geographically diverse environments. Paterson et al. 
(1991) and Bubeck et al. (1993) did not find this consistency in QTL detection. The lack of 
consistent QTL detection in these studies may be related to the type of populations and their 
geographical adaptation. In our study and that of Stuber et al. (1992) and Schon et al. 
(1994), the lines were grown in diverse environments, yet in locations that the populations 
were generally adapted and widely grown. The consistency of QTL detected is beneficial in 
a selection program. These loci may be selected using marker-aided techniques, and the 
selected lines should produce phenotypes that are widely adapted. If QTL were unique to 
environments, then marker-aided selection would be difficult or practically impossible. An 
effective strategy would seem to be to identify and select QTL that contribute to good mean 
performance of a trait. This would give assurance that selection on the basis of these QTL 
would produce lines that perform well in average environments and in randomly occurring 
stress environments. These conclusions are based on the stress environment presented 
here. We do not know nor can we predict how QTL detection would be affected by a more 
severe stress environment such as the 1988 drought in Iowa which reduced the statewide 
yield by over 40% from the top yields reported in the state. Also, these results were 
obtained for QTL determined in inbred progeny: therefore, the application of these 
conclusions to these traits in hybrid progeny is unknown. 
QTL were identified for correlated traits that were linked and had parental contributions 
expected for positively and negatively correlated traits. Just as Stuber et al. (1987) 
observed yield component QTL in regions corresponding to grain yield QTL and Edwards et 
al. (1992) observed plant height component QTL in regions corresponding to plant height, we 
observed yield component QTL corresponding to regions having grain yield QTL suggesting 
possible pleiotropic effects. The third cause of correlation described by Aastveit and Aastveit 
(1993), environment, should be eliminated with the detection of QTL when trait values 
averaged over several environments are used. By using loci associated with QTL identified 
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in the mean of the environments in a marker-assisted selection program, advances in selection 
should occur without the bias of environment that might result from using QTL detected in an 
individual environment. 
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Fig. 1. RFLP map representing the the 10 chromosomes of the F2 generation of 153 lines from the cross of Mo17 and H99. 
RFLP loci are listed the left and map distances in cM are listed to the right of each chromosome. 
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Table 1. Precipitation and GDD accumulation site averages and deviations from the site 
average per month and for the growing season 1989 and 1990. 
Precipitation(mm) GDD Accumulationf°C) 
Deviations in Deviations in 
Month Averaget year Averaget year 
1989 .1990 1989 1990 
May 111 20 106 218 10 -46 
June 130 -41 80 324 -16 21 
July 88 -26 108 392 11 -14 
Aug. 99 -55 10 359 -3 17 
Sept. 82 0 -24 239 -9 64 
May-Sept. 509 -102 280 1532 -7 42 
t Site average based on data from 1951-1980. 
Table 2. Means and variance components estimated for 150 maize lines evaluated in the nonstress (1989), stress (1990), and 
mean environments. 
Meanst Range Variances 
Trait Env. Mo17 H99 Lines Lines a2g± SE o2g0±SE o2±SE 
GY (Mg ha-1) 1989 4.37 1.76 4.86 0.87 -8.18 1.74 ±0.23" 0.48 ± 0.06 
1990 3.26 2.85 4.01 1.29 -5.98 0.79 ±0.11" 0.27 ± 0.03 
Mean 3.82 2.31 4.43 1.75 -6.88 0.97 ±0.14" 0.21 ± 0.05" 0.37 ± 0.03 
KWT(g) 1989 93.0 56.5 77.6 51.6 • • 100.6 105.2 ± 13.1" 16.4 ±2.0 
1990 72.7 52.7 62.4 43.0 - 84.7 54.4 ± 7.6" 21.3 ±2.6 
Mean 82.9 54.6 69.8 48.6 - 90.4 61.5 ±8.7" 15.8 ± 3.0" 18.8+1.6 
ENP (no.) 1989 1.0 0.9 1.1 0.6 -1.7 0.026 + 0.009" 0.020 ± 0.003 
1990 1.1 1.0 1.0 0.7 -1.5 0.009 ± 0.002" 0.106 ± 0.001 
Mean 1.1 1.0 1.0 0.7 -1.6 0.013 ± 0.002" 0.003 ± 0.002" 0.016 ± 0.001 
EL (cm) 1989 18.3 13.1 18.6 11.6 -22.3 2.72 ± 0.70" 0.62 ± 0.08 
1990 15.2 14.1 16.2 10.3 -19.3 2.12 ± 0.29" 0.75 ± 0.09 
Mean 16.8 13.6 17.4 12.5 -20.4 1.93 ±0.26" 0.31 ± 0.08" 0.68 ± 0.06 
ED (cm) 1989 - - 4.0 2.9 -4.5 0.122 ± 0.015" 0.011 ± 0.001 
1990 - - 3.8 3.1 -4.2 0.043 ± 0.006" 0.023 ± 0.003 
Mean - - 2.5 3.3 -4.3 0.042 ± 0.006" 0.005 ± 0.002" 0.017 ± 0.002 
CD (cm) 1989 - - 2.6 2.1 -3.0 0.026 ± 0.007" 0.008 ± 0.001 
1990 - - 2.4 2.0 -2.8 0.021 ± 0.003" 0.007 ± 0.001 
Mean - - 2.5 2.1 -2.8 0.022 ± 0.003" 0.002 + 0.001" 0.007 ± 0.001 
KD (cm) 1989 . . 0.7 0.4 -0.9 0.0058 ± 0.0017" 0.0025 ± 0.0003 
1990 - - 0.7 0.5 -0.9 0.0038 ± 0.0008" 0.0054 ± 0.0007 
Mean - - 0.7 0.5 -0.9 0.0030 ± 0.0006" 0.0013 ± 0.0004" 0.0040 ± 0.0003 
KR(no.) 1989 11.0 11.3 11.7 10.0- 14.0 0.568 ± 0.153" 0.181 ±0.022 
1990 10.9 11.7 11.3 9.8-14.1 0.489 + 0.070" 0.21610.026 
Mean 11.0 11.5 11.5 10.0-14.1 0.486 ± 0.064" 0.03610.018* 0.19910.017 
** Significant at the 0.01 probability level. 
t Mo17 and H99 data obtained from the 1989 and 1990 Iowa Experimental Corn Trials (Russell et al., 1989; Hallauer et al., 
1990) grown at the same location and planted 24 April 1989 and 23 April 1990. 
Table 3. Heritability, QTL detected, and percentage of genetic variance explained by QTL in the mean environment for 150 
maize lines. 
Trait Heritability QTL detected %a2g 
explained h2 90% C.I. Total 1989 1990 Mean 
GY 0.83 0.78, 0.87 3 1 3 1 47 
KWT 0.83 0.78, 0.87 8 6 6 7 90 
ENP 0.71 0.62, 0.78 4 2 4 2 65 
EL 0.85 0.81, 0.89 4 4 2 3 60 
ED 0.86 0.82, 0.90 6 5 4 5 70 
CD 0.89 0.86, 0.92 5 3 5 5 64 
KD 0.64 0.53, 0.73 6 3 2 4 73 
KR 0.88 0.84, 0.91 3 2 3 2 51 
Total: 39 26 29 29 
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Table 4. Phenotypic (upper value) and genotypic (lower value) correlations with their 
standard errors among yield and yield components of 150 Fgis maize lines evaluated in 1989 










ENP EL ED CD KD KR 
0.58** 0.78** 0.55** 0.39** 0.47** 0.17* 
0.66(0.06) 0.85(0.03) 0.59(0.06) 0.45(0.08) 0.52(0.08) 0.17(0.09) 
-0.11 0.34** 0.60** 0.39** 0.52** -0.22** 
-0.12(0.11) 0.36(0.09) 0.63(0.06) 0.47(0.07) 0.56(0.08) -0.23(0.09) 
0.51** -0.02 -0.04 0.01 -0.01 
0.65(0.06) -0.03(0.11) -0.05(0.10) 0.02(0.13) -0.02(0.11) 
0.34** 0.22** 0.30** 0.06 
0.33(0.09) 0.25(0.09) 0.29(0.10) 0.09(0.09) 
0.80** 0.72** 0.33** 





*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table 5. Comparison of additive effects, parental contribution, and location of grain yield and yield component QTL of 150 F2:3i 
maize lines in the nonstress (1989), stress (1990), and mean environments. 
Region Locif Env. GY KWT ENP EL ED CD KD KR 







































































3L umc26-umc165A 1989 - - 0.12H,b - - - O.OSMa -
1990 - - 0.07H,b - - - - -
Mean - - O.IOH.b - - - - -
4L umc13-npl410- 1989 - 3.55H,b _ _ • _ _ 0.35M,a 
php10025-umc111 1990 - 3.02H,b 0.02M,c - - - - 0.43M,c 
Mean - 3.11H.b 0.03M,c§ - - - - 0.39M,c 
5S umc72-umc27, 1989 . 4.68M,c . 0.50M,b _ _ _ _ 
umc166-bni10.06 1990 0.22M,c 2.95M,c - 0.47M,d - - - -
Mean - 4.23M,c - 0.48M,b - - - -
6L bnl5.47-npi280 1989 1.27M,b 5.94M,b 0.14M,a 1.15M,b 0.16M,b _ 0.05M,b _ 
1990 0.84M,b 3.69M,b 0.05M,a 1.34M,b 0.12M,b - 0.04M,b -
Mean I.IOM.b 4.66M,b 0.09M,a 1.29M,b 0.12M,b - 0.04M,b -
7L bnl15.21-umc110- 1989 _ _ _ 0.15H,b§ 0.06H,a _ 
bnl8.37-bnl14.07 1990 - - - - 0.08H,d 0.06H,a - -
Mean - - - - 0.07H,d 0.06H,a - -
8L bnl9.08-umc48- 1989 - 3.53M,c§ _ 0.70M,a 0.13M,b _ _ 
npi268-umc165B- 1990 - 3.90M,c - - 0.10M,d§ 0.04M,d - -
umc7 Mean - 3.83M,c - - 0.05M,d 0.04M.d -
-
9L umc114-bnl8.17 1989 _ _ _ _ 0.07M,a _ _ _ 
1990 - - - - - - - -
Mean - - . . - . _ 
t Loci defining region where morphological trait QTL were identified. 
i Upper case letter indicates the parental allele that increased the trait value (M='Mo17', H='H99'). The lower case letter 
indicates the nearest RFLP locus with each locus in a region referred to in alphabetical order. Values preceded with an asterisk 
were only identified and estimated in the singular model and did not remain significant in the multiple model. For example 0.23M,c 
for GY in 1990 in region 1S indicates that substitution of a Mo17 allele increases the trait value by 0.23 Mg ha-i and the QTL 
was identified nearest to locus npi234. 
§ QTL identified in single model only, and its effect estimated in the single model. 
11 Dominance effects resulted in QTL being identified. 
Table 6. Genomic locations, percentage of phenotypic variation, and genetic effects of QTL detected in the mean environment 
for 150 maize lines. 
Chromo­ Nearest Distancet Max. %a2p Genetic effects^: Gene Direc-
some RFLP (cM) LOD action§ tionH 
region locus score a d d/a 
GY -Mg ha-1 -
6L npi280 -12 11.70 38.7 -1.10 1.18 -1.07 D Mo17 
Total# 11.70 38.7 
KWT -g/300 kernels-
1L npi236 -3 2.37 7.7 2.19 2.52 1.15 D H99 
2L isu117 0 3.94 11.7 -3.21 -0.91 0.28 PD Mo17 
3S umc121 16 5.14 23.8 -4.52 1.15 -0.25 PD Mo17 
4L npi410 0 4.80 13.5 3.11 3.94 1.27 OD H99 
5C bnllO.06 -9 3.03 10.7 -4.23 4.07 -0.96 D Mo17 
6L bnl5.47 14 5.12 19.7 -4.66 6.46 -1.38 OD Mo17 
8L npi268 -9 3.33 12.4 -3.83 -4.63 1.21 OD Mo17 
Total 32.30 74.6 
ENP -number-
3L umc165A -5 7.47 24.4 0.10 -0.05 -0.50 PD H99 
6L bnl5.47 8 5.30 20.4 -0.09 0.06 -0.65 PD Mo17 
Total 13.35 41.2 
EL -cm-
1S npi234 2 2.73 8.5 -0.53 0.56 -1.06 D Mo17 
5S umc27 22 2.68 14.5 -0.48 1.23 -2.56 OD Mo17 
6L npi280 -10 11.18 39.5 -1.29 2.44 -1.89 OD Mo17 
Total 16.84 51.5 
ED -cm-
1L umc37 4 5.87 18.2 0.11 0.03 0.30 PD H99 
2L isu117 8 7.64 26.4 -0.11 0.09 -0.80 PD Mo17 
6L npi280 20 5.61 19.7 -0.12 0.25 -2.02 OD Mo17 
7L bnl8.37 0 4.05 11.8 0.07 0.04 0.56 PD H99 
8L umc165B 0 3.38 9.7 -0.05 -0.11 2.47 OD Mo17 
Total 24.52 60.2 
CD -cm-
IS umc157 10 3.19 14.2 -0.06 0.11 -2.07 OD Mo17 
1L bnl7.08 -4 6.58 20.5 0.07 0.04 0.61 PD H99 
2L isu117 -4 9.42 26.9 -0.08 -0.05 0.59 PD Mo17 
7L bnl15.21 4 5.66 18.4 0.06 0.06 1.02 D H99 
8L umc165B -1 2.28 6.9 -0.04 -0.07 2.02 OD Mo17 
Total 22.99 56.8 
KD -cm-
IS umc157 14 2.65 9.9 0.03 0.01 0.26 PD H99 
2L isu117 6 2.77 10.9 -0.02 0.06 -3.47 OD Mo17 
3S umc121 20 3.17 15.8 -0.03 0.01 -0.53 PD Mo17 
6L npi280 -4 8.30 26.2 -0.04 0.10 -2.37 OD Mo17 
Total 16.01 46.9 
t The distance is measured from the nearest RFLP marker to the maximum LOD peak of a QTL. A positive distance is given for 
QTL located toward the distal end of the long arm of the chromosome from the marker, and a negative distance is given for QTL 
located toward the distal end of the short arm. 
t Genetic effects determined within the multiple model. Additive effects are associated with the allele from H99. A negative 
value means that the H99 allele decreases the value of the trait. 
§ Gene action is determined from the ratio d/a. 
^ Direction of response is the parent whose additive value of a marker allele increased the value of the trait. 
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2S umc78 -11 9.52 35.0 -0.54 -0.42 0.77 PD Mo17 
4L php10025 -3 5.60 16.7 -0.39 0.29 -0.75 PD Mo17 
Total 14.94 44.9 
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GENETIC MAPPING OF MORPHOLOGICAL TRAITS IN MAIZE IN STRESS AND 
NONSTRESS ENVIRONMENTS 
A paper submitted to Crop Science 
Lance R. Veldboom and Michael Lee* 
Abstract 
Restriction fragment length polymorphisms (RFLPs) utility in mapping quantitative trait 
loci (QTL) has been established in elite maize (Zea mays L.) populations, but the ability to 
consistently detect QTL in diverse environments remains unproven. Our objectives were to 
investigate the ability to detect QTL for flowering and plant stature traits in two diverse 
environments and to determine the relationship of QTL for correlated traits. A single-cross of 
elite inbreds Mo17 and H99 was used to produce a population of 150 F2;3 lines. Traits were 
measured on replicated progeny grown in two climatically diverse years at the same location, 
in which one year was an average environment, and the other year was a stress 
environment. QTL determinations were made in each environment and the mean of the two 
environments by using a linkage map of 111 loci. About 50% of all QTL were detected in 
both environments. The location and parental contribution of these QTL were consistent, but 
their effects varied in size. More QTL were identified in the stress environment for anthesis 
and silk emergence, but the other traits had equivalent numbers of QTL detected in each 
environment. The QTL detected in the mean environment were 69% of all the QTL, 81% of 
the QTL identified in the nonstress environment, and 71% of the QTL identified in the stress 
environment. Correlations between traits were generally reflected in the similarity of locations 
and parental contributions of QTL for these traits. The exception was anthesis and anthesis-
to-silking interval, which had QTL in common but very poor correlation. The locus of a probe 
for an1, a plant height mutant, was most closely associated with the QTL having the largest 
Dep. of Agronomy, Iowa State Univ., Ames, lA 50011. Journal Paper no. J-16060 of the 
Iowa Agric. and Home Economics Exp. Stn. Project no. 3134. 'Corresponding author. 
effect on plant height. This finding contributes to the supposition that quantitatively and 
qualitatively inherited traits share a common set of loci with alleles of varying effects. 
Introduction 
Plant breeders attempt to select lines that perform well or are stable across 
environments including stress and nonstress environments (Rosielle and Hamblin, 1981). 
Different strategies have been proposed to accomplish this goal. Johnson and Geadelmann 
(1989) reported that maize populations selected under irrigated conditions also performed well 
under nonirrigated conditions, but populations selected under the nonirrigated conditions were 
not superior under irrigation. Atlin and Frey (1990) reported that selections should be made in 
the low-productivity environment for greatest yield gains in low-productivity environments for 
oat (Avena sativa L.). Atlin and Frey (1990) concluded from the low genetic correlation of 
yield in high- and low-productivity environments that substantially different sets of alleles 
conditioned yield in the two environments. Many researchers have examined methods to 
select for drought stress resistance in maize (Johnson and Herrero, 1981; Troyer, 1983; 
Jensen and Cavalieri, 1987), but excessive moisture is also a stress to plants. In tomato 
{Lycopersicon spp.), different traits contribute to resistance to each of these moisture 
extremes (Kalloo, 1991). The results of these studies would suggest that different sets of 
alleles and possibly different loci are being expressed under different environmental 
conditions. 
Identifying QTL that are consistent across environments, including diverse 
environments, would be desirable in a marker-assisted selection program to develop lines that 
perform well under diverse environments. Paterson et al. (1991) and Bubeck et al. (1993) 
found that different QTL were identified in diverse environments for unadapted populations of 
tomato and maize, respectively. Stuber et al. (1992) and Schon et al. (1994) reported that 
QTL detection was relatively consistent across diverse environments with adapted 
populations of maize. In a previous report, we found that about 50% of the QTL for grain 
yield and yield components in an elite maize population were detected in both nonstress and 
stress environments, and these QTL were consistent with respect to relative size of additive 
effects and parental contributions (Veldboom and Lee, 1994). For grain yield and its 
components, QTL determinations in the mean of the stress and nonstress environments, 
however, were effective in identifiying 82% of the QTL detected in either the stress or the 
nonstress environment. 
Timing of flowering is important to grain production in maize (Troyer and Brown, 1976). 
The plant needs to obtain sufficient stature to have the photosynthate production for 
maximum yield, yet still flower in time to be able to complete grain filling before killing frosts. It 
is known in maize that plants with limited silk delay, or a short anthesis-to-silking interval, 
have improved yield under drought stress (Dow et al., 1984; Fischer et al., 1989). The effect 
of stress conditions on detecting QTL for flowering traits and plant stature has not been 
previously reported. We have reported that there are differences in QTL detected between 
environments, but QTL for yield and its components detected in stress and nonstress 
environments were similar in parental contribution and size of effect (Veldboom and Lee, 
1994). 
The objective of this study was to determine the consistency of QTL detection for 
morphological traits that have been known to be affected by stress due to moisture 
availability. Flowering traits and plant and ear heights were examined in two climatically 
diverse years at the same location, and QTL were identified within each environment and 
across environments to determine differences in the environmental response of underlying 
genetic factors for these traits. 
Materials and Methods 
The methods employed within this paper have been previously described in 




One hundred-fifty F2:3 lines were derived from the cross of elite inbreds Mo17 and 
H99. A single Fi plant was self-pollinated in the 1988 breeding nursery near Ames, Iowa, and 
unselected F2 plants were self-pollinated in the 1988-1989 Hawaii winter nursery to produce 
seed for 150 ^2,3 lines. This seed was used in the production of seedlings for DNA analysis 
and in the 1989 field trial. In the 1989 breeding nursery, the lines were sib-mated to increase 
seed for the 1990 evaluation of the lines. This resulted in a negligible increase in the 
inbreeding coefficient for line evaluation from an average of 0.50 to 0.53 (Falconer, 1989). 
Field design 
The 150 lines and six entries of a bulk of all 150 lines were evaluated in two 
replications of a 12 x 13 lattice design at the Agronomy and Agricultural Engineering Research 
Farm near Ames, lA, in 1989 and 1990. The single-row plots were 5.5 m long with 0.76-m 
spacing between rows. Plots were machine-planted at a density of 76 500 kernels ha-i on 20 
April 1989 and on 25 April 1990. They were thinned at the six- to eight-leaf stage to a density 
of 57 400 plants ha-i. Fertility and cultivation regimes were consistent with optimum maize 
production for this region. Trait values for the parents were taken from the Iowa Experimental 
Corn Trials inbred test grown at the same location and planted 24 April 1989 and 23 April 
1990 (Russell et al., 1989; Hallauer et al., 1990). Climatic conditions were measured at the 
research farm. Growing degree days (GDD) were calculated from the daily minimum and 
maximum temperatures as described by Aldrich et al. (1986). 
Morphological traits were measured on a plot basis as follows: 
Anthesis (POL) is the GDD (°C) accumulated from planting to the date 50% of the 
plants in a plot were exerting anthers. 
Silking (SILK) is the GDD (°C) accumulated from planting to the date 50% of the 
plants in a plot had silks emerging from the primary ear shoot. 
Anthesis-to-silking interval (ASI) is the GDD (°C) accumulated from anthesis to silking 
calculated as SILK - POL. 
39 
Ear height (EH) is the height (cm) of the primary ear measured after pollination from the 
soil surface to the node of attachment of the primary ear. 
Plant height (PH) is the height (cm) of the plant measured after pollination from the soil 
surface to the tip of the central spike of the tassel. 
RFLP assays 
RFLP assays were previously described in Veldboom et al. (1994). RFLP markers 
were included to improve coverage on the short arms of chromosomes 4 and 7 and on the 
long arm of chromosome 10 to provide a linkage map of 110 RFLP loci and one morphological 
locus, P1. On chromosome 4, there was not enough evidence to statistically link the inten/al 
between bt2 and npi292. These two linkage groups were forced together at these loci on the 
basis of previously published maps (Coe et al., 1990). Accordingly, QTL determinations 
were not made in this region. The centromere of each chromosome was placed on the basis 
of approximations reported by Coe et al. (1990). On the basis of these centromere 
placements, loci will be referred to throughout this paper as being in a region such as 3S 
where the '3' refers to the chromosome and'S' refers to the short arm which is the portion 
above the centromere on our linkage map (Fig. 1). Also, 'L' and 'C will refer to the long arm 
and centromere regions of a chromosome, respectively. 
Data analysis 
Entry means were adjusted for lattice block effects according to Cochran and Cox 
(1957) if the block effects were significant in the 1989 and 1990 trials. Also, the adjusted 
means of the two trials were averaged for QTL determinations, and this average is referred to 
as the mean environment. Heritabilities were calculated according to Hallauer and Miranda 
(1988) and exact 90% confidence inten/als on the heritabilities were calculated according to 
Knapp et al. (1985). Phenotypic and genotypic correlations were calculated between traits 
on the basis of adjusted entry means according to Mode and Robinson (1959). Standard 
errors of the genotypic correlations were detemriined according to Falconer (1989). 
QTL were determined on the adjusted entry means of the 1989 and 1990 
environments and the mean environment by interval mapping by using MAPMAKER-QTL 
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(Ver. 0.9) (Lander and Botstein 1989). QTL determinations were made on the basis of a 
method proposed by Bridges (1994) and described in detail in Veldboom and Lee (1994). 
Intervals were initially identified in a single QTL when they exceeded a minimum LOD value 
of 2.0. These intervals were then sequentially added to a multiple QTL model in order of 
largest LOD value to smallest. Intervals were considered to be significantly associated with 
the trait if they increased the LOD value of the model by a value of 2.0. 
Genetic effects attributable to individual putative QTL and the total percentage of 
phenotypic variation explained (% a^p) were estimated within the multiple model in which all 
significant QTL were fitted simultaneously. Determining QTL effects simultaneously in a 
multiple model is recognized as being more accurate than individual models (Jansen and 
Stam, 1994). Because Fgis progeny was used for trait evaluation, the estimates of dominance 
effects of genotypic means are expected to be reduced by half from heterozygous F2 plants. 
In this instance, estimates of dominance effects were doubled in accordance with established 
procedures (Mather and Jinks, 1971). Average levels of dominance were calculated as the 
ratio d/a with the dominance effects, d, being the dominance effects estimated for the F2 
population. Gene action was determined on the basis of the average level of dominance by 
using the criteria of Stuber et al. (1987): additive (A) = 0 to 0.20; partial dominance (PD) = 
0.21 to 0.80; dominance (D) = 0.81 to 1.20; and overdominance (OD) > 1.20. The proportion 
of genotypic variation explained (% a^g) by the multiple model was estimated by the ratio: % 
a2p/A)2 (Anderson et al.,1993: Schon et al.,1994). 
Results and Discussion 
Linl(age Map 
The construction of the linkage map was previously described in Veldboom et al. 
(1994), and additions to the map were detailed in Veldboom and Lee (1994) (Fig. 1). This 
map has 111 loci covering 1512 cM. The average inten/al length is 15 cM. 
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Environmental conditions 
The climatic conditions in 1989 and 1990 were very different (Table 1). In 1989, 
precipitation was about 20% less than the site average during the growing season, which 
followed the driest year on record, 1988. GDD accumulation in 1989 had a small deviation 
from the site average, in 1990, excess precipitation and cool temperatures during the critical 
periods of germination and early plant establishment in May and pollination and early grain fill 
in July caused stress on the lines. This is reflected in a 17% decrease in grain yield of the 
lines in 1990 compared with 1989 (Veldboom and Lee, 1994). No obvious disease or insect 
problems occurred in 1990 to cause the yield reductions. Because of these climatic conditions 
and the resulting decrease in yield, we will refer to 1990 as a stress environment and 1989 as 
a nonstress environment. 
Field data analysis 
All trait values of the lines were significantly different between 1989 and the stress 
environment of 1990. In 1990, the lines on average needed more GDD to flower, had less silk 
delay (ASI), had shorter plants, and had lower ear placement (Table 2). Troyer and Brown 
(1972) observed these same responses in their populations for these traits in 1966, a record 
crop year, and 1967, one of the coolest years on record in Minnesota. Estimates of genetic 
variance for each trait were less in 1990, as they were for the yield traits in this population 
(Veldboom and Lee, 1994). These observations are consistent with reports of studies that 
have shown that stress environments usually result in a reduction of the genetic variance 
(Rosielle and Hamblin, 1981). The experimental error was also reduced in 1990 for each trait 
except POL (Table 2). The parents had increased GDD to POL and SILK in 1990, but Mo17 
had ASI reduced 16 GDD and H99 had ASI increased 4 GDD in the stress environment. 
Mo17 has a larger ASI because the channel through which the silks grow before emergence is 
longer (Troyer, 1983). EH was slightly lower in the parents in 1990, but PH remained 
unchanged for Mo17 and increased 4 cm for H99. 
ASI was lesser in the stress environment, which had excessive moisture during 
flowering. Maize lines that have a reduced ASI are considered to be more tolerant to drought 
stress (Dow et al., 1984). Under drought conditions, silk emergence rate decreases and ASI 
increases. Even under adequate moisture conditions, silk emergence often stops during the 
afternoon hours coinciding with declines in water potential (Johnson and Herrero, 1981). ASI 
has a high correlation to SILK in the present study and, therefore, seems to be dependent on 
silk emergence (Table 4). In the present study, ASI decreased in 1990 under conditions of 
excessive rainfall indicating that the rate of silk emergence was not reduced. The onset of 
POL and SILK, however, were delayed as obsen/ed in the increased GDD for these traits in 
1990. 
H99 had earlier flowering, a shorter ASI, and shorter plant stature than Mo17 (Table 
2). Because of the lower trait values of the H99 compared with Mo17, it would be expected 
that Mo17 would contribute most alleles for increasing each of these trait values. However, 
the transgressive segregation present in the lines, as evidenced in the range of values among 
lines in this population, indicates that alleles for increasing these traits also are contributed by 
H99. Heterosis is evident when comparing the mean values of the lines to the parental 
values (Table 2). Earlier POL and SILK and greater PH among the F2:3 lines indicates 
dominance or overdominance gene action among the heterozygous loci for these traits 
(Hallauer and Miranda. 1988). Each of these traits were highly heritable across the two 
environments (Table 3). The implications of this higher heritability in a QTL mapping program 
is that detected QTL should be able to explain much of the genetic variance of these traits 
(Lande and Thompson, 1990). Phenotypic correlations among the traits within each 
environment were very similar; therefore, the phenotypic correlations across the environments 
are presented (Table 4). POL and SILK, SILK and ASI, and EH and PH were each highly, 
positively correlated. Correlations among other trait combinations were either lower or did not 
exist. 
QTL detection 
The additive effects and their parental contributions for each QTL are presented in 
Table 5. There was a total of 26 QTL detected (map region-by-trait combinations of QTL 
detected in the multiple models) for the five traits across each environment and the mean 
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environment. Of these 26 QTL, 69% (18) were detected in the mean environment, 62% (16) 
were detected in the nonstress environment, and 81% (21) were detected in the stress 
environment (Table 3). More QTL were identified in the stress environment than the 
nonstress environment for POL and SILK (Tables 3 and 5). For POL, three QTL were 
detected solely in the stress environment and only one was unique to the nonstress 
environment. For SILK, three QTL were unique to the stress environment and none was 
unique to the nonstress environment. ASI, EH, and PH each had one QTL unique to the 
nonstress and one QTL unique to the stress environment. Over all traits, five QTL were 
detected in only the stress environment, and four were detected in the stress and mean 
environments. In contrast, two QTL were detected in only the nonstress environment and 
two QTL in the nonstress and mean environments. 
Environment seemed to be an important factor in the number of QTL detected. Atlin 
and Frey (1990) concluded for grain yield of oats that differences between high- and low-
productivity environments were conditioned by substantially different sets of alleles. For the 
traits in this study, there are differences in the number of QTL identified in the two 
environments. ASI only had one of four QTL detected in both environments, and POL, 
SILK, EH, and PH had about one-half of the QTL in common between the two environments. 
On the basis of unique QTL identified in this study and the means of the parents and lines in 
1989 and 1990 (Table 2), POL and SILK were more affected by the climatic conditions than 
the other traits. The QTL on 2L was detected in the 1990 and not 1989 for each of the 
flowering traits, and the QTL on 9L was detected in only 1990 for POL and SILK. None of 
the QTL uniquely identified in an environment for EH and PH was in regions that affected both 
traits. POL, SILK, and ASI are dependent on water availability to the plant during flowering 
(Hall et al., 1982), and water stress has a greater effect on SILK and ASI than POL (Troyer, 
1983). 
The use of the mean environment would be expected to result in an increased number 
of QTL detected with the same number of lines because of the increased precision of the 
mean of the lines (Knapp and Bridges, 1990). In a specific instance, though, a QTL for POL 
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on 7L detected in each of the environments was not detected in the mean environment. Over 
all the traits, fewer QTL were detected in the mean environment than the stress environment. 
Also, the genetic variances were smaller for each trait in the stress environment (Table 2). It 
is assumed that a decrease in genetic variation would limit the number of QTL detectable, 
contrary to the data presented herein. 
The use of the multiple model eliminated some QTL identified in the single model that 
were detected in a multiple model in the other environment. QTL that were detected in the 
original single models but did not remain in the multiple models are indicated in Table 5. QTL 
that did not remain in the multiple models were not always those with the smallest effects. For 
PH, a QTL on 7L with an additive effect of 6.1 cm did not remain in the multiple model, 
whereas the QTL on 4S and 6L which had smaller additive effects remained in the model. 
About 50% (12 out of 26) of the QTL were detected in the multiple models in both the 
nonstress and stress environments. There were six QTL identified in the multiple model of 
one environment and in a single model in the other environment. If these six QTL are 
considered, then about 75% of the QTL were detected in both environments. Overall 
though, fitting the multiple model seems the best approach to removing false positives 
(Bridges, 1994). Also, the multiple model is considered most appropriate for estimating QTL 
effects because of the reduction in the residual variance when all QTL are included in the 
same model (Jansen and Stam, 1994). Detecting QTL in more than one environment and 
using the mean of the environments seems effective in determining QTL that have a 
significant association with the trait. 
The additive effects for the QTL that are significant in the multiple models are 
consistent in direction and relative size across environments. It might be expected that the 
size of the QTL detected in 1989 and 1990 would reflect the changes in the means of the 1=2:3 
lines between the two environments. The additive effects of the QTL on 6L for SILK and the 
QTL on 8L for POL, however, decreased in 1990 when the mean of the lines increased, and 
the additive effects of the QTL on 28 and 6L for PH increased when the F2;3 line mean 
decreased. The additive effect of the QTL on 6L for PH had over a three-fold increase, 
whereas the QTL for EH, highly correlated to PH (rp=0.82), decreased by one-half. These 
QTL seem to have an interaction with the environment, although no statistical test can be 
made using our mapping technique for environmental interaction. Perhaps this indicates that 
there are at least two QTL in this region with one controlling the internode elongation or 
number above the ear and another controlling either the internode elongation or number below 
the ear. Plant height mutants are known in maize (e.g., brachytics) that have a phenotype of 
a pronounced shortening of the internodes below the ear. 
Some inconsistencies of QTL effects across environments were observed for loci of 
POL and SILK when QTL detected only in the single models were considered. For the QTL 
for POL on 5L and SILK on 7L, a reversal in the direction of parental contribution between the 
years was obsen/ed. These loci identified only in the single model could be false positives, 
which were correctly excluded by the multiple model and, therefore, not significant. 
Alternatively, the effect may be real with two QTL for the traits tightly linked in repulsion being 
detected. These QTL show large overdominance values in the single QTL models (data not 
shown). If pseudo-overdominance (Moll et al., 1964) is present, then these might be QTL 
linked in repulsion. The result would be that additive effects of both QTL would be grossly 
underestimated due to the canceling effect on additive values of genes in repulsion-phase 
linkage. Possibly the effect of the Mo17 allele under one environmental condition was 
predominant, and under the other environmental condition, the effect of the H99 allele became 
predominant. We do not know if these differences are real, so caution must be taken in 
interpretation. 
Phenotypic and genotypic correlations indicate that genes for traits are either linked, 
have pleiotropic effects, or are influenced similarly by the environment (Aastveit and Aastveit, 
1993). The regions can be examined for similarity of location and parental origin between 
traits to detemiine if linkage or pleiotropy seems to be the cause of correlation. With current 
techniques and materials, distinguishing between these two possibilities requires more 
detailed analysis. The three flowering traits (POL, SILK, and AS!) each have QTL identified 
in four common regions: 1L, 4L, 6L, and 8L. The parental origin of alleles increasing these 
traits are the same in these regions. POL and SILK, and SILK and ASI are highly correlated 
(rp=0.84 and rp=0.67, respectively). POL and ASI, though, have a very low correlation 
(rp=0.16) over the two years, and in 1989 they had no correlation (Veldboom et al., 1994). 
Although four QTL for these two traits were detected in common regions, these traits have 
little to no correlation. PH and EH with only two of seven detected regions in common were 
highly correlated (rp=0.82), but these two regions had large effects. The region on 1L has a 
large effect on both traits. The difference between the means of the parental classes for PH 
at this locus is 25.6 cm (twice the additive effect). This difference is about 35% of the range 
(72 cm. Table 3) of the lines for PH. For EH at this region, the difference in the parental 
classes accounts for 30% of the range of EH. PH and SILK have two regions in common on 
1L and 6L, yet they are not correlated. Examining these regions, the parental origins of 
positive alleles are the same for the 1L region and opposite for the 6L region, which agrees 
with Aastveit and Aastveit's (1993) assumption that correlation depends on the sum of 
positive and negative effects throughout the entire genome. It must be realized, though, that 
uncorrelated traits can have loci in common either through linkage or pleiotropy. Therefore, this 
suggests that when individual QTL are selected in a marker-assisted selection program, 
unexpected changes in noncorrelated traits may also occur. 
More than 50% of the genotypic variance was explained by the QTL models for each 
trait in the mean environment (Table 3). The amount of genetic variance explained was more 
proportionate to the heritability of the traits reported here than it was for grain yield and its 
components (Veldboom and Lee, 1994). The genetic variance accounted for by QTL being 
proportionate to the heritability of the trait was predicted by Lande and Thompson (1990). 
QTL effects 
The flowering traits had 75% (9 of 12) of the QTL for increased values contributed by 
H99. This is in contrast to the phenotypes of the parents in which H99 was earlier for POL 
and SILK and had shorter ASI than Mo17 and was consistent with a previous report 
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(Veldboom et al., 1994). Epistatic interactions of the QTL could be responsible for some of 
these differences in which alleles present in one inbred may interact giving a different 
response when combined in a cross with alleles from another inbred. Environment may play 
a role in this difference. The QTL near bnl10.12 on 5L for POL was contributed by H99 in 
1990 and the mean environment, whereas in 1989 it was contributed by Mo17. The QTL for 
PH and EH fit our expectations in that the taller parent, Mo17, contributed most of the QTL for 
increasing these traits. H99, the shorter parent, did contribute QTL, albeit with smaller effects, 
for increased PH. This contribution of alleles from both parents produces the transgressive 
segregation for a trait (deVincente and Tanksley, 1993). 
Two regions, 1L and 6L, had major effects on each of the traits. The region on 1L had 
Mo17 contributing to both increased height and GDD to flowering, whereas the QTL on 6L 
had Mo17 contributing to EH and PH and H99 contributing to increases in GDD to flowering. 
These two regions are also important in this population for many of the yield component traits 
(Veldboom and Lee, 1994). 
Gene action for the flowering traits was mainly dominance and overdominance for 
POL, partial dominance for SILK, and overdominance for ASI. Overdominance was mainly 
exhibited at loci where H99 was the parent contributing to increasing the trait. If these 
instances of overdominance actually represent pseudo-overdominance (Moll et ai., 1964), 
then each of these loci detected as having H99 alleles increasing the trait values could be in 
repulsion-phase linkage with loci having alleles of Mo17 increasing these trait values. If these 
QTL did have H99 alleles in repulsion with Mo17 alleles, this may be an explanation why 
few flowering QTL were detected having Mo17, the later flowering parent, increasing the trait 
values. All the QTL for flowering traits had dominance deviations decreasing the GDD for 
POL, SILK, and ASI. This agrees with the observation that earlier flowering is dominant to 
lateness in temperate maize (Hallauer, 1990). PH and EH had a mix of additive to dominance 
effects but no overdominance gene action. The loci in common for PH and EH have the same 
gene action for both traits, additive on 1L and dominance on 6L. 
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Quantitative and qualitative inheritance 
Researchers have observed the correspondence of some QTL detected on 
chromosomal regions containing loci defined by alleles with qualitative effects (mutants) for the 
same trait (Beavis et al., 1991; Edwards et al., 1992; Veldboom et al., 1994). More evidence 
of this relationship has been obtained for plant height. A probe for an1, anther ear (provided 
by S. Briggs, Pioneer Hi-Bred Intl.), was used as and RFLP marker in this study. an1 is a 
mutant which has the phenotype of an andromonoecious, gibberellin responsive dwarf of 
intermediate stature (MNL 68). The probe detected a locus in a 42.2 cM gap between umc37 
and isu18 on chromosomal region 1L. The probe for an1 is either a part of an1 or tightly linked 
to an1. Previously, Veldboom et al., (1994) identified a QTL with a large effect on plant height 
to the interval, umc37-isu18. With the addition of an1, the QTL for plant height was most 
closely associated with an1 in each environment and the mean environment (Table 5). In the 
mean environment, PH was detected as being 5 cM from an1 (Table 6). This may physically 
be a large distance, but the presence of other QTL, experimental variation in the trait data, or 
errors in the RFLP data may shift the peak observed in interval mapping to somewhere 
between the actual QTL (Haley and Knott, 1992). Other QTL may exist because this region 
contains other known plant height mutants (e.g., bri, rd1, and D8). Furthermore, evidence 
indicating several QTL occurring on chromosome 1 of this population has been gathered since 
the completion of this study. A population of recombinant inbreds derived by single-seed 
descent from the lines used in this study was developed. By using recombinant inbreds in 
which more recombination has occurred to break up some of the linkages between loci, three 
distinct regions on chromosome 1 were identified for plant height (unpublished data, M. Lee). 
This type of evidence and the evidence seen on 6L where a QTL has an effect of changing 
the ear height in relation to the plant height which is similar to a class of known plant height 
mutants, the brachytics (bi), support the theory that alleles with qualitative and quantitative 
inheritance are present at the same loci (Robertson, 1985). 
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Conclusions 
Our results have shown that QTL detected in both stress and nonstress 
environments display relatively consistent effects in regards to parental contribution and 
location (Veldboom and Lee, 1994). For both the yield traits and the morphological traits, 
about 50% of the QTL were detected in both environments. QTL with the largest effects in 
one environment were not always detected in the other environment, so size of QTL does not 
necessarily determine if QTL are consistently detected. There does seem to be an 
environmental effect on QTL for POL and SILK because more QTL were detected in the 
stress environment than the nonstress environment. The flowering traits have been shown 
to be indicators of stress (Hall et al., 1982; Dow et al, 1984; Schoper et ai. 1987) and are 
known to be affected by differences in moisture availability (Johnson and Herrero, 1981; 
Troyer, 1983). Therefore, these QTL may be related to the plant's mechanism to adapting to 
the stress environment. 
Identifying QTL in the mean environment seems to provide the best strategy for 
detecting QTL for use in a marker-assisted selection program. Although only 69% of all QTL 
were identified in the mean environment, 81% of the QTL in the nonstress environment and 
71% QTL in the stress environment were also identified in the mean environment. Rosielle 
and Hamblin (1981) have predicted that selection of lines that perform best in the mean 
environment will usually have improved performance in the stress and nonstress 
environments. Extrapolating their prediction to individual QTL would mean that QTL detected 
in the mean environment will result in identifying the QTL that improve these traits in the 
average nonstress environment and the occasional, randomly occurring stress environment. 
This conclusion is based on data from a stress environment that had only a 17% decrease in 
yield over the nonstress environment. Results from a severe stress environment that results 
in yield decreases of 40% or more (which have occurred in recent years at this location) or in 
different genetic environments such as testcrosses may have a much more profound, but 
currently unknown, effect on QTL expression and detection. 
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Fig. 1. RFLP map representing the the 10 chromosomes of the F2 generation of 153 lines from the cross of Mo17 and H99. 
RFLP loci are listed the left and map distances in cM are listed to the right of each chromosome. 
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Table 1. Precipitation amounts and monthly GDD accumulations site averages and 
deviations from the site average in 1989 and 1990. 
Precipitation(mm) GDD Accumulationf°C) 
Deviations in Deviations in 
Month Averaget year Averagef year 
1989 1990 1989 1990 
May 111 20 106 218 10 -46 
June 130 -41 80 324 -16 21 
July 88 -26 108 392 11 -14 
Aug. 99 -55 10 359 -3 17 
Sept. 82 0 -24 239 -9 64 
May-Sept. 509 -102 280 1532 -7 42 
t Site average based on data from 1951-1980. 
Table 2. Means and variance components estimated for 150 maize lines evaluated in the nonstress (1989), stress (1990), and 
mean environments. 
Meanst Range Variances 
Trait Env. Mo17 H99 Lines Lines a2g+SE a2'g0±SE ct2±SE 
POL 1989 854 791 795 731 - 904 603 ± 76" 114± 14 
(GDD) 1990 941 902 888 822 - 943 462 ±61" 158 ± 16 
Mean 898 847 843 786 - 920 403 ±58" 119 ±22" 121 ± 10 
SILK 1989 909 802 829 763 - 951 976±127" 247 ± 30 
(GDD) 1990 970 917 903 829 - 1013 867±111" 188 ±23 
Mean 940 860 867 806 - 973 761 ±103" 143 ±31" 218± 19 
ASI 1989 55 11 34 2-119 345 ± 52" 195 ±24 
(GDD) 1990 29 15 15 t 00 1 o
 
173 ±29" 138 ± 17 
Mean 44 13 24 0-109 202 ± 32" 57± 18" 166 ± 15 
EH 1989 80 34 73 40-119 181.5 ±23.5" 42.1 ± 5.2 
(cm) 1990 71 33 67 45-96 87.0 ±11.7** 26.6 ± 3.3 
Mean 75 34 70 46-107 114.9 ± 15.3" 16.8 ±4.2 34.4 ±3 
PH 1989 167 103 209 161 -251 243.3 ± 32.5** 73.4 ± 9.0 
(cm) 1990 167 107 203 166-243 219.8 ±27.9" 42.5 ± 5.2 
Mean 167 105 206 175 - 247 189.9 ±25.7" 33.6 ± 7.7** 57.9 ± 5 
** Significant at the 0.01 probability level. 
t Mo17 and H99 data obtained from the 1989 and 1990 Iowa Experimental Com Trials (Russell et al., 1989; Hallauer et al., 
1990) grown at the same location and planted 24 April 1989 and 23 April 1990. 
Table 3. Heritability, QTL detected, and percentage of genetic variance explained by QTL in the mean environment for 150 
maize lines. 
Trait Heritabllitv QTL detected %a2g explained 
by QTL h2 90% C.I. Total 1989 1990 Mean 
POL 0.82 0.76, 0.86 7 4 6 5 68 
SILK 0.86 0.81,0.89 6 3 6 4 73 
ASI 0.74 0.66, 0.80 4 2 2 3 51 
EH 0.87 0.83, 0.90 4 3 3 2 58 
PH 0.86 0.81,0.89 5 4 4 4 80 
Total: 26 16 21 18 
58 
Table 4. Phenotypic (upper value) and genotypic (lower value) correlations of morphological 
traits of 150 maize lines evaluated across 1989 and 1990. Standard errors of genotypic 
correlations are given in parentheses. 





















*, ** Significant at the 0.05 and 0.01 levels, respectively. 
Table 5. Comparison of additive effects, parental contribution, and location of QTL in nonstress (1989), stress (1990), and the 
mean environments for 150 maize lines. 
Region Loclf Env. POLt SILK ASl EH PH 
(a-b-c-d-e) GDD GDD GDD on on 
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Mean 



























t Loci defining region where morphological trait QTL were identified. 
i Upper case letter indicates the parental allele that increased the trait value (M='Mo17', H='H99'). The lower case letter 
indicates the nearest RFLP locus with each locus in a region referred to in alphabetical order. Values preceded with an asterisk 
were only identified and estimated in the singular model and did not remain significant in the multiple model. For example 8.6M,a 
for POL in 1989 in region 1L indicates that substitution of a Mo17 allele increases the trait value by 8.6 GDD, and the QTL was 
identified nearest to locus umc37. 
§ QTL identified in single model only, and its effect estimated in the single model. 
Table 6. Genomic locations, percentage of phenotypic variation, and genetic effects of QTL detected in the mean environment 
for 150 maize lines. 
Chromo­ Nearest Distancet Max. %O2P Genetic effectst Gene Direc-
some RFLP (cM) LOD action§ tionH 
region locus score a d d/a 
POL -GDD-
1L an1 -5 6.62 21.3 -13.2 -13.3 1.00 D Mo17 
2L umc4 -6 3.23 11.9 5.9 -6.3 -1.07 D H99 
5L bnl10.12 -8 2.52 11.7 5.1 -33.0 -6.47 OD H99 
6L npi280 -12 3.46 20.4 8.4 -16.6 -1.98 OD H99 
8L umc165B 8 3.34 13.8 9.4 -1.5 -0.16 A H99 
Total# 17.96 56.0 
SILK -GDD-
1L umc37 4 8.51 25.8 -14.3 -21.2 0.74 PD Mo17 
2L umc4 0 4.94 16.2 10.2 -15.6 -0.76 PD H99 
6L bnl5.47 12 7.04 41.4 16.1 -41.3 -1.28 OD H99 
8L umc165B 14 5.60 27.8 14.0 -13.7 -0.49 PD H99 
Total 22.59 62.3 
ASI -GDD-
1L umc37 0 2.98 8.6 -5.2 -8.9 1.70 OD Mo17 
6L bnl5.47 12 3.28 16.3 7.0 -25.7 -3.70 OD H99 
8L umc165B 14 3.09 14.9 7.0 -17.6 -2.49 OD H99 























Total 15.47 50.2 
PH -cm-
1L ani 8 10.21 34.1 -12.8 2.5 -0.19 A Mo17 
2S umc34 -14 2.54 10.8 -6.7 5.7 -0.85 D Mo17 
6L npi280 18 4.07 15.3 -9.6 9.6 -1.00 D Mo17 
7L bnl8.39 10 2.82 11.2 6.3 4.8 0.76 PD H99 
Total 24.72 68.9 
t The distance is measured from the nearest RFLP marker to the maximum LOD peak of a QTL. A positive distance is given for 
QTL located toward the distal end of the long arm of the chromosome from the marker, and a negative distance is given for QTL 
located toward the distal end of the short arm. 
t Genetic effects determined within the multiple model. Additive effects are associated with the allele from H99. A negative 
value means that the H99 allele decreases the value of the trait. 
§ Gene action is determined from the ratio d/a. 
^ Direction of response is the parent whose additive value of a marker allele increased the value of the trait. 
# Totals are the LOD score and the percentage of phenotypic variation accounted for in the multiple model of all QTL. 
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GENETIC MAPPING OF GENERAL AND SPECIFIC COMBINING EFFECTS FOR 
GRAIN YIELD AND MOISTURE IN MAIZE 
A paper to be submitted to Crop Science 
Lance R. Veldboom and Michael Lee* 
Abstract 
For complex quantitative traits in maize (Zea mays L.) such as grain yield, there is 
poor correlation between the performance of the inbred line and the resultant hybrid progeny. 
Restriction fragment length polymorphisms (RFLPs) were used to map an elite, single-cross 
population QTL associated with combining ability of their testcross progeny. Three inbred 
testers were used: B91, A632, and B73. The replicated testcross progeny were grown at 
four locations and evaluated for grain yield and grain moisture. QTL for specific combining 
ability (SCA) effects were mapped within each tester, and QTL for general combining ability 
(GCA) effects were mapped by using the trait values averaged across the three testers. 
Several QTL were identified for SCA and GCA effects. Few QTL for SCA effects, however, 
were identified in more than one environment. Only grain moisture had a few SCA and GCA 
QTL that were identified in each environment. QTL for combining effects were always 
consistent in size and ranking of parental alleles when they were detected across 
environments and testers. For both traits, GCA QTL were identified in regions in which SCA 
QTL had been identified. The ability to identify regions with SCA and GCA QTL effects 
could have practical application in marker-assisted selection programs within segregating 
breeding populations. Plants with favorable loci for GCA and SCA could be identified before 
extensive testcrosses and field evaluations are initiated. 
Dep. of Agronomy, Iowa State Univ., Ames, lA 50011. Journal Paper of the Iowa Agric. and 
Home Economics Exp. Stn. Project no. 3134. *Corresponding author. 
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Introduction 
The concepts of general (GCA) and specific (SCA) combining ability effects were 
established early in modern maize breeding history (Sprague and Tatum, 1942) and have 
become widely accepted (Hallauer, 1990). GCA has been defined as the average 
performance of a line in hybrid combinations resulting from genes with additive effects. SCA 
was defined as the performance of lines in certain combinations relative to the other lines and 
was attributed to interaction of factors, or dominance deviations. 
Once these concepts of combining ability were identified, practical application of them 
began immediately. Sprague and Tatum proposed that lines should first be evaluated for 
their GCA in testcrosses with several testers. Then, specific single crosses should be used 
to identify the most useful combinations for hybrids. Sprague (1946) demonstrated the 
usefulness of early generation testing of testcross progeny to eliminate lines with poor general 
performance before further inbreeding and extensive testing. These concepts influenced 
maize breeding in that lines were selected on their superiority in testcrosses instead of the 
visual appearance of the lines per se. Little progress beyond Sprague and Tatum's original 
description towards the basic understanding of GCA and SCA has been gained on the 
underlying factors responsible for these effects. By using restriction fragment length 
polymorphisms (RFLPs) along with evaluation of testcross progeny, an understanding of the 
phenomena of GCA and SCA effects can begin by identifying QTL for these effects. 
RFLPs have facilitated the identification of quantitative trait loci (QTL) for many traits in 
Fa-derived populations (Beavis et al., 1991; Edwards et al., 1992; Freymark et al., 1993; 
Schon et al., 1993; Veldboom etal., 1994; Veldboom and Lee, 1994a). More complex topics 
in quantitative trait inheritance are now being explored. These include heterosis, (Stuber et 
al., 1992), consistency of QTL detection in diverse environments (Veldboom and Lee, 
1994b,c), and detection of QTL in more complex progeny types such as testcross progeny 
(Gocken, 1993; Schon et al., 1994; Beavis et al., 1994). These studies evaluating testcross 
progeny have demonstrated that QTL for SCA effects with one or two tester inbreds could 
be identified in elite U.S. Corn Belt dent maize populations (Gocken, 1993; Beavis et al.. 
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1994) and in elite European flint maize populations (Schon et al., 1994), but have not 
demonstrated the ability to detect QTL for GCA effects across testers. Bernardo (1994) has 
demonstrated a method of using best linear unbiased prediction of single-cross yield 
performance of lines by using estimates of genetic relatedness as determined by RFLPs 
along with information on the yield performance of related hybrids. This method, though, 
makes no associations of RFLPs linked to QTLs. 
Identifying regions associated with general combining effects could improve hybrid 
breeding methods by reducing the number of lines tested in expensive testcross evaluations. 
Lines lacking favorable alleles contributing to GCA might be eliminated before further progeny 
development and testing occurred. Inbreds having favorable GCA alleles may also be 
chosen in initiation of new line development populations. Identification of loci for specific 
combining effects would enhance the determination of favorable hybrid combinations. 
Identification of loci for SCA effects may become practical in breeding programs in which 
inbred lines from defined reference populations are recycled and improved in the production of 
new hybrids. 
The first objective of this study was to compare detection of QTL for SCA effects 
among three testcross populations. The second objective was to identify QTL contributing to 
general combining effects by using the original technique recommended by Sprague and 
Tatum (1942) of pooling information over several testcrosses. Finally, comparison of regions 
identified across environments for GCA and SCA effects for grain yield and grain moisture 
were made. 
Materials and Methods 
Population and progeny development 
The single-cross population was developed from the adapted and widely used U.S. 
Corn Belt maize inbreds Mo17 and H99. These inbreds have been classified as members of 
Lancaster Sure Crop (LSC) heterotic group according to their pedigree and RFLP patterns 
(Melchinger et al. 1991). A single Fi plant was self-pollinated in the 1988 breeding nursery 
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near Ames, Iowa. Unselected Fa plants were self-pollinated in the 1988-1989 winter nursery 
to produce 153 F2;3 lines. Seed supplies of these lines were limited because replicated 
evaluations of the lines per se were conducted in 1989. Therefore, in the 1989 breeding 
nursery near Ames 150 of these lines were sib-mated by using 10 plants and pollinating the 
ear shoot of one plant with the pollen from the next plant in the same line to increase the 
amount of seed for use in production of testcrosses for the evaluation of hybrid progeny. In 
the 1990 Ames breeding nursery, a second group of unselected F2 plants from this single 
cross was self-pollinated to produce an additional 150 Faia lines. 
Testcrosses were made to three inbred testers (B91, A632, and B73). 891 is an 
inbred derived from Iowa Corn Borer Synthetic #1 (BSCB1). BSCB1 has some of its 
progenitors being LSC lines. B91 was released in 1989 and had a maturity classification of 
AES800 (Russell, 1989). B73 and A632 represent Reid Yellow Dent inbreds. A632, released 
in 1964, was derived through three backcross generations with selection for earliness with 
B14, a stiff-stall< inbred, as the recurrent parent. It has a maturity classification of AES600. 
B73 is also a stiff-stall< inbred that was released in 1972 and has a maturity classification of 
AES800 (Russell, 1972). Although B14 and B73 were derived from the same synthetic, they 
are genetically distinct and exhibit a high level of genetic dissimilarity for elite stiff-stalk 
germplasm (Melchinger et al., 1991). Both A632 and B73 were widely used in hybrids with 
Mo17 and H99 (Zuber and Darrah, 1980). 
In the 1991 breeding nursery, testcross (TC) progeny were produced. Seed from 194 
lines (150 sib-mated ^2:3 lines and 44 unselected Fais lines produced in 1990) were grown in 
paired rows with each tester. Ten plants per line were crossed to the tester with seed 
produced on the F2:3 lines for the B91 and A632 testcrosses. Because of maturity 
differences, B73 was used as the seed parent with one B73 plant being pollinated from each 
plant of the F2.3 line. For each line by tester combination, the ears were hand harvested and 
individually shelled. Equal amounts of seed from each ear were bulked to provide the seed 
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for TC progeny. The parents, Mo17 and H99 were also crossed with each tester to produce 
Fi hybrids that were included in the performance trials. 
Field design 
The TC progeny were grown at four locations across Iowa in 1992. These included 
three northern Iowa locations (Calumet, Kanawha, and Nashua) and Ames, which has a 
longer growing season for maize production. The same experimental design was used at 
each location. The TC progeny were grouped in three sets with each set composed of lines 
from a different tester. Within each set, or tester, the 194 TC progeny and the two parental 
hybrids were included in two replications of a 14-by-14 lattice design. The entries were 
planted in two-row plots which were 5.5 m long with 0.76-m spacing between rows. Plots 
were machine-planted at a density of 76 500 kernels ha-i and were thinned at the six- to 
eight-leaf stage to a density of 62 200 plants ha-i. Fertility and cultivation regimes were 
consistent with optimum maize production. 
Grain yield and grain moisture were measured on the machine-harvested plots. Total 
grain yield (GY) was machine weighed, corrected to 155 g i<g-i grain moisture, and converted 
to Mg ha-1. Grain moisture (GM) was electronically measured from each plot sample on the 
harvesting machine. 
RFLP assays 
DNA was isolated from the parental inbreds and the 303 lines according to methods 
previously described in Veldboom et al. (1994). In the first group of 153 lines, leaf tissue 
pooled from 6 to 12 seedlings grown from the seed of the F2 ear was used for DNA isolations. 
For the second group of 150 lines, leaf tissue from the F2 plants grown in the 1990 breeding 
nursery was used. (For 21 lines of this second group, sufficient DNA could not be obtained 
from the Fg tissue. Tissue from ^2,3 seedlings were used in these instances for DNA 
isolations.) Southern hybridizations and RFLP assays were described previously in 
Veldboom et al.  (1994). One hundred-seven RFLP loci and one morphological locus, PI, 
provided a linkage map spanning 1413 cM with an average interval length of 15 cM. Of the 
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107 RFLP loci included, 69 (64%) were scored across all 303 lines. The other loci were 
scored for only the first group of 153 lines and are identified on the linkage map (Fig. 1). 
Average interval length of the 69 loci scored in all lines was 24 cM. A spacing of 24 cM 
compared with 15 cM provides sufficient linkage for QTL detection and would have little effect 
on the power to detect QTL (Darvasi et al., 1993). Only 44 of the lines included in the TC 
evaluations had the reduced number of loci genotyped. The interval between bt2 and npi292 
on chromosome 4 could not be statistically linked. The two linkage groups corresponding to 
chromosome 4 were combined at these loci on the basis of previously published maps (Coe 
et al., 1990). After the map was created, the locus isu136B was found to be linked in this 
region and provided more evidence that the original linkage order was correct. This RFLP, 
however, was scored only on the second group of 150 lines providing information for only 44 
of the lines in the QTL analysis. Therefore, this region between bt2 and npi292 was not 
used in the QTL analyses. The centromere of each chromosome was placed on the basis of 
approximations reported by Coe et al. (1990). The positions of loci will be described as 
being in a region such as '3S' where the '3' refers to the chromosome and'S' refers to the 
short arm, the portion above the centromere on our linkage map (Fig. 1). Also, 'L' and 'C will 
refer to the long arm and centromeric regions, respectively. 
Data analysis 
Entry means were adjusted for lattice block effects according to Cochran and Cox 
(1957). Heritabilities were calculated on the testcross progeny means within testers and 
across testers according to Hallauer and Miranda (1988). Exact 90% confidence intervals on 
the heritabilities were calculated according to Knapp et al. (1985). Phenotypic and genotypic 
correlations were calculated between traits on the basis of adjusted testcross means pooled 
within testers and across testers according to Mode and Robinson (1959). Standard errors of 
the genotypic correlations were determined according to Falconer (1989). For GY, simple 
phenotypic correlations were calculated between the means of each testcross progeny and 
the means of the respective 150 ^2:3 lines evaluated in Ames in 1989 and 1990 (Veldboom 
and Lee, 1994b). 
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The experimental design allowed the experiments to be analyzed as a modified 
Design II mating design (Comstock and Robinson, 1948) with the three inbred testers 
considered as the males and the 195 Fa-derived lines as the females. This allowed tests for 
differences in genera! (GCA) and specific (SCA) combining ability effects and the 
environmental interaction with these effects. The adjusted means within each tester and 
environment (location) were used in the combined analyses for both traits. The effective 
errors of the lattice design were pooled across testers and environments to form the 
experimental error. The sums of square deviations were partitioned into variance due to 
environments {o^e)< testers (aSj), ExT interactions, GCA {g^g), SCA (oSgt), ExGCA (a2ge)> 
and ExSCA (oSgte) ^or lines and parents according to Hallauer and Miranda (1988). 
Expected variance components and their standard errors for each of these effects were 
calculated. Also, additive variance (oSa), dominance variance (aSo), their interactions with 
environment (o2ae and oSqe). and average level of dominance (^) were calculated as per 
expected variances for half-sib and full-sib partitions with inbred males and Fa-derived 
females for the mating design II. These values were calculated as: = 4 oSq: c2ae = 4 
O^geI = 2 C^GTI = O'^GTEI and d = (2 020/02^)1/2. 
QTL determinations 
Determinations of QTL were made on the adjusted entry means within each tester and 
environment combination, the means across testers within each environment, the means 
within each tester across environments, and the means across ail testers and environments. 
Each of these combinations were used to compare how environment affects the determination 
of QTL for SCA effects (within a tester) and GCA effects (across all testers). Interval 
mapping was performed by using MAPMAKER/QTL (Ver. 1.1) (Lander and Botstein, 1989). 
QTL determinations were made on the basis of a method proposed by Bridges (1994). 
Marl<er intervals were initially identified in a single QTL model 
yj=\ i jc + Cikj+ e,-, 
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where y,- is the phenotypic mean of the Hh line; ixtc's the equally weighted mean of TC 
values of the lines which were homozygous for the parental alleles; q is the estimate of the 
combining effect; kj has the value -1 or +1 depending on whether the TC was from an F2:3 
homozygous for Mo17 or H99, respectively; and ey, is the residual error. Under this model, 
when TC means from one testcross population were used in the mapping procedure, QTL 
with significant SCA effects were being identified. When TC means averaged across ail 
testers were used, QTL with significant GCA effects were being identified. Loci with a 
heterozygous combination of Mo17 and H99 alleles in the F2:3 lines were not considered in the 
model because the TC progeny mean at these loci were the result of a mixture of the two 
parental types in the same plot. Deviations from the model due to progeny from 
heterozygous loci would result from sampling differences of the two parental alleles or from 
competition effects between the two parental classes within a test plot. 
This model was created in MAPMAKER/QTL by identifying the lines as Fa intercross 
progeny and using the additive genetic model during all procedures. The relative combining 
effects of the parental alleles in relation to the population mean are being estimated in this 
model and not the effect of an allele substitution as in a model using line per se data. The 
values from MAPMAKER/QTL and those reported here would need to be doubled to obtain 
the difference between the parental classes; i.e., the difference between substituting an allele 
of Mo17 with an allele of H99 in the testcross. This is because the additive model in 
MAPMAKER/QTL, which assumes Fg or Fa-derived progeny, is calculating the effect of an 
allele substitution where two alleles are substituted at a locus to change from one parental 
class to the other. For TC progeny, only one allele in combination with the tester allele is 
substituted between the parental classes. 
Intervals were initially chosen in the single QTL model on the basis of meeting a 
minimum LQD threshold of 2.0. This threshold under the "sparse-map" case (Lander and 
Botstein, 1989) would correspond to a probability of 0.10 of committing a Type I error. This 
threshold was chosen to allow the identification of as many intervals as possible showing 
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association with a trait. The intervals that met this criterion were considered the initial set of 
inten/als. The initial set of marker intervals were fitted to a multiple model in a fonward-
selection stepwise fashion on the basis of a method described by Hocking (1976) to remove 
those intervals identified due to collinearity of the data. The intervals were sequentially fitted 
to the multiple model 
yy= ^Tc + + ej, 
where / refers to the /th QTL in the model, starting with QTL with the largest significant LOD 
and proceeding in order of decreasing LOD score. To remain in the model, the interval had to 
increase the LOD of the model by 2.0 or greater over the model without the interval. Inten/als 
that met these criteria were then considered as QTL contributing significantly to the trait. 
Intervals that did not meet this criteria were not considered again in the model. 
Genetic effects attributable to individual putative QTL and the total percentage of 
phenotypic variation explained (% a2p) were estimated within the multiple model where all 
significant QTL were fitted simultaneously. Determining QTL effects simultaneously in a 
multiple model is recognized as being more accurate than individual models (Jansen and 
Stam, 1994). Effects of QTL that did not remain in the multiple model were reported, but their 
effects were estimated in the single model. Such loci are identified in Table 5. Because the 
effects of the QTL were estimated in the same experiment in which the QTL were found 
significant, it is realized that the effects will be biased upwards (Lande and Thompson, 1990). 
The proportion of genetic variation explained (% oSq) by the multiple model was estimated 
by the ratio: % a^p/h^ (Anderson et al., 1993; Schon et al., 1994). 
Results and Discussion 
Analysis of trait data 
Maize production in 1992 was at record levels throughout Iowa. Each of the 
environments had excellent growing conditions. There was a windstorm at the Calumet 
location that caused severe root lodging prior to anthesis, but it seemed to have minimal effect 
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on the plots. The analyses of variance showed highly significant differences among 
environments for GY and GM and among testers for GM (Table 1). No differences were 
detected among testers for GY. The differences among testers for GM were mainly because 
of the B73 TC population having 20 g kg-i more moisture than the other two testcross 
populations. B73 crosses are at their limits of adaptation in northern Iowa because of their 
latter relative maturity. This was evident in the increased moisture of the B73 TC population. 
Highly significant differences occurred among the TC population for general and specific 
combining effects and the environmental interaction with these effects for GY and GM. For the 
B73 TC at Ames, there were no detectable differences among entries for GY. All other within 
tester-by-environment combinations had significant differences among lines for GY and GM 
(analyses not shown). For the parental hybrids, highly significant differences occurred in 
GCA for GY, but no differences were detected for SCA or the environmental interaction with 
GCA and SCA in GY. For GM, highly significant differences occurred for GCA and significant 
differences occurred among SCA and E x SCA effects. The significant E x SCA effect for GM 
resulted from little difference between the parental hybrids of the A632 cross, whereas among 
the B91 and B73 parental hybrids, Mo17 hybrids had 18 to 20 g kg-i more moisture than the 
H99 hybrids (Table 2). The parental means and relative combining effects of Mo17 are 
presented for each trait and tester combination in Table 2. The Mo17 hybrids yielded 
significantly greater and had significantly more GM except in combination with A632. 
The TC progeny had moderate heritabilities for GY and high heritabilities for GM. 
Additive genetic variance accounted for the majority of genetic variation of these lines within 
testers and across testers (Table 3). Genetic variance due to dominance deviations was 
about 30% of additive variance for GY and only 15% of the additive variance for GM. For 
GM, the dominance variance showed large interaction with environments. The average levels 
of dominance for GY (d =0.77) and GM (d =0.55) (on a scale where 0 is complete additivity 
and 1 is complete dominance) further indicate that dominance effects are relatively small in this 
population. It has been reported for temperate maize populations that additive genetic 
variance is usually much greater than dominance variance (Hallauer and Miranda, 1988). This 
would indicate that greater progress would be made by selecting for good GCA, or additive 
gene effects, than would be made in selecting for SCA effects. This difference in GCA and 
SCA effects was observed in the phenotypic and genotypic correlations of the traits among 
testers (Table 4). For GY, TO progeny have a low correlation between any two testers, 
even between the two stiff-stalk testers (A632 and B73 TC, rp=0.44). There were medium 
correlations (rp=0.55 to 0.64) among testers for GM. In both traits, however, performance 
within a tester had a high correlation with the average of the testers. Alternatively stated, 
SCA effects had low correlation with SCA effects of another tester but had a high correlation 
with the GCA effects. Thus, selecting for good general performance across testers would 
more likely result in lines that combine well with a specific tester. Selecting lines with the best 
performance with a specific tester would not necessarily result in a line that had the best 
performance with another tester, even among testers that have some relationship to each 
other {A632 and B73). Highly significant correlation between GY and GM occurred only within 
the 873 TC. This was a negative correlation because of 873 TC population being tested in 
shorter season environments for their maturity. This shorter growing season seemed to result 
in a small reduction in yield for lines that did not fully mature before killing frosts. 
Linkage map 
The RFLP linkage map was produced from scoring 69 loci across 303 Fg-derived 
progeny and 49 loci across 153 progeny. A subset of 194 of the 303 progeny were included 
in the TC progeny analysis. By using the complete set of data on the 303 progeny, a more 
precise linkage map was created because of the increased information for determining 
linkages. This resulted in a linkage map 100 cM smaller than the map previously reported in 
this population involving only 153 progeny (Veldboom and Lee, 1994b). Several tightly 
linked loci were excluded from the map resulting in an average interval length of 15 cM. A 
second notable difference in this linkage map is the change in order of loci isu12 and npi287 on 
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chromosome 10. The order reported here was assumed to be more accurate because of the 
doubling of the number of progeny providing information. 
Detection of QTL 
In the procedure of QTL modelling used in the present study, only QTL originally 
identified in a single model are considered in the multiple model. This differs from the method of 
Beavis et al. (1994) in that the genome was not reanalyzed to take advantage of the 
increased power resulting from the reduction in the residual error to detect QTL with smaller 
effects, which were not identified in a single model. Most QTL identified by the single model 
remained in the multiple model (Table 5). In 5 of 20 environment-by-tester combinations for 
GY and 6 of 20 combinations for GM, one or two QTL identified in the single models did not 
remain in the multiple models (Table 5). 
Fewer QTL were identified for GY than GM in most environments and testcross 
populations. In 8 of 20 tester-by-environment combinations, none or only one QTL were 
identified for GY. The B73 TC population, on average, had the fewest QTL identified for GY. 
The most QTL for GY were identified by using the average of all testers and environments in 
which five QTL were detected accounting for 34% of the phenotypic variation. Beavis et al. 
(1994) also found in TC progeny of a U.S. Corn Belt maize population that few QTL were 
detectable for GY and that these QTL accounted for a small proportion of the phenotypic 
variation. Even so, the corresponding lower heritabilities for GY resulted in almost 50% of the 
genotypic variation being explained by the QTL for the B91 and A632 TC populations and 
the average of the TC populations (Table 5). The B73 TC population had only 12% of 
genotypic variation explained by QTL. A possible explanation as to why few QTL were 
detected in the B73 TC population was that testing in shorter-season environments limited 
their full genotypic expression of grain yield. On the contrary, at Ames where the TC 
progeny were tested within their maturity, as evidenced by the mean GM of the B73 TC 
being 161 g kg-i, no significant differences in GY were detected, and QTL were not detected 
for GY. This could be the result of the tester with favorable alleles in dominance interactions 
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masking tlie effects of alleles within the population (Hallauer and Miranda, 1988; Hallauer, 
1990). 
For GM, QTL were detected in all environments for each TC population. The 
percentage of phenotypic variation accounted for ranged from 13% for B91 TC at Kanawha to 
48% for A632 TC at Calumet. For GM of the B73 TC population at Ames, there were five 
QTL accounting for 43% of the phenotypic variation, although no differences were detected 
for GY at this location. By using the mean of the environments for each TC population and 
the average of the testers, two to five QTL were detected explaining about 36% of 
phenotypic variation for GM in each instance. These QTL for GM accounted for 41 to 48% of 
the genetic variation, which was similar to the genetic variation explained for GY except for the 
B73 TC. Theory suggests that the amount of genetic variance detected by QTL to be 
proportional to the heritability of the trait (Lande and Thompson, 1992). Except for the B73 
TC population, the amount of genetic variation explained by QTL for GY was similar to that 
explained for GM, even though GM had higher heritabilities. 
Comparison of GCA and SCA QTL and their effects 
QTL for SCA or GCA effects were found in 13 genomic regions for GY and 15 
genomic regions for GM (Tables 6 and 7). Three of the regions for GY (1S, 4L, and 5S) and 
two of the regions for GM (4S and 8L) had only one QTL identified in the single model for one 
tester in one environment. Beavis et al. (1994) concluded on the basis of simulated QTL data 
that regions identified in single QTL models but not in multiple models are often false 
positives. In the present study, though, there were regions identified in the single model with 
one tester or environment which also had QTL identified with at least one other tester or 
environment. These may be QTL that contribute positively to the trait but do not explain 
significantly more variation when other QTL are present in the model. 
Many similarities were evident for QTL among testers. One important similarity was 
that no interaction of the parental alleles occurred with the tester alleles. For example with 
GM, chromosomal region 4L had QTL detected within each TC population and across all 
testers. Yet, the Mo17 allele in combination with each of the testers always increased the 
76 
value of the trait over the H99 allele in combination with the tester alleles. Changes in the 
size of the combining effect occurred among testers but changes never occurred in which 
parental allele increased the trait value. Another similarity was both Mo17 and H99 
contributed alleles that had positive combining effects with each tester and positive GCA 
combining effects for GY and GM with only one exception. No H99 alleles identified in a 
multiple model increased GY in combination with B73. 
There were a few regions which had QTL identified by only one tester. For GY, such 
regions contained QTL on 6L for B91, on 7L for A632, and on 8L for B73. For GM, such 
regions contained QTL on 5S for B91 and on 10L for B73. These SCA QTL presumably 
have specific dominance interactions with the respective testers that do not occur with the 
other testers at these loci. All other regions had QTL identified in one or more TC populations 
and with significant GCA effects. These GCA QTL presumably have alleles with positive 
additive effects. Identifying QTL for specific combining effects and QTL for general combining 
effects are obviously not exclusive events. Sprague and Tatum (1942) recognized that 
using a single tester had utility in identifying general combining effects, but GCA would be 
best assessed in top-cross tests or in pooling information over several single-cross tests. 
The predictive merit of a single tester for accessing GCA was observed in the higher 
correlation between a single tester and GCA than between any two testers (Table 4). It was 
observed in these data that identifying SCA QTL in one tester did not correspond to 
identifying QTL that had SCA effects for the other testers nor did it always identify the 
regions with GCA effects. Regions with QTL identified for GCA effects always had QTL for 
SCA effects with at least one tester and more often with at least two testers. GM had two 
GCA QTL that were detected in every environment (on 4L and 7L). These two regions also 
had SCA QTL identified in each of the TC populations in most environments. Detecting QTL 
for GCA effects can be perceived as detecting QTL across "genetic environments". These 
genetic environments can be diverse; i.e., different heterotic groups. Veldboom and Lee 
(1994b) concluded in a population of the F2:3 lines evaluated in diverse climatic environments 
that QTL detected by using the mean trait value across environments were the QTL that 
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identified most of the effects within an individual environment. Therefore, selecting markers 
linked to QTL identified in the mean environment should be most effective in improving the trait 
performance across environments. Thus following these conclusions, selection of QTL 
identified in the mean genetic environment (GCA) should improve the trait within each of the 
individual genetic backgrounds (SCA). 
Correlation of the grain yield of the ¥2-3 lines and their hybrid progeny were generally 
low (0.22 - 0.23) among the three testers (Table 4). The correlation was higher between the 
lines and the GCA of the lines in testcrosses (rp=0.30). This is in agreement with Genter and 
Alexander (1966) conclusion that performance of F2:3 lines can be an indicator of the GCA of 
the lines, although the correlation was still relatively poor. Many studies have shown that 
traits of low to moderate heritability have a low correlation between inbred lines and their TC 
progeny performance (Hallauer and Miranda, 1988). It seems that this difference occurs 
because the different progeny types have QTL expressed in different regions of the genome. 
In the present study only one QTL for GY, in the interval bnl5.47 to npi280 on chromosome 6 
in the B91 TC, was in a region that was also identified in the 'ines per se. This interval 
was identified in all environments for grain yield of the lines per se (Veldboom and Lee, 
1994b) with the Mo17 allele increasing the trait value in both progeny types. Schon et al. 
(1994) also found only partial agreement of QTL mapping results for F3 lines and their TC for 
the traits protein content and kernel weight. 
Environment seems to be an important confounding factor in the detection of QTL for 
GY and GM. Many QTL were identified in only one environment for a given tester. This was 
in contrast to the observation in TC populations by Schon et al. (1994) that few differences 
occurred between environments in QTL detection for the traits protein content and kernel 
weight. This also contrasts observations by Stuber et al. (1992) and Veldboom and Lee 
(1994b,c) in maize populations of segregating lines that QTL for many traits were relatively 
consistently detected across environments. There were several regions in which QTL are 
identified in at least one environment and the mean environment for SCA and GCA effects. 
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For GY, these include two regions (1L and 6L) for B91, two regions (3L and 7C) for A632, one 
region (8L) for B73, and five regions (1L, 2S, 3L, 7L, and 8C) for GCA effects. For Gi\/1, these 
include four regions (1L, 4L, 5S, and 7L) for B91, three regions (2L, 4L, and 7L) for A632, four 
regions (1L, 4L, 7L, and 10L) for B73 and three regions (1L, 4L, and 7L) for GCA effects. 
These regions, in which evidence from one or more individual environments and the mean of 
all environments identify QTL, likely contain the QTL that are most promising for use in 
marker-aided selection programs. This further supports the conclusions made in inbred 
progeny for yield traits that detecting QTL in the mean of the environments may be most 
effective in identifying those QTL which have an effect across a diversity of environments 
(Veldboom and Lee, 1994b). 
Conclusions 
From this study, it was evident that QTL for SCA and GCA effects could be detected 
for GY and GM. There were a few notable inconsistencies in QTL detection. Choice of tester 
seems to be a complex factor in QTL studies involving testcross progeny. B73 may have 
been considered the best tester to use with this population to evaluate grain yield on the 
basis that it had the largest grain yield on average. It failed, however, to distinguish among 
the lines in the environment that it was most adapted (Ames) on the basis of grain moisture at 
harvest, and it provided the least information for the identification of QTL for GY. Its 
usefulness in identifying QTL for GM was as good as the other testers. B91 and A632 
provided similar information for detection of QTL. Because many QTL were detected with 
only one tester, choice of tester also has an affect on which QTL are identified in a population. 
An effective approach for identification of QTL that affect hybrid performance of lines may be 
to detect QTL for GCA effects by using several testers. A second confounding factor 
identified in this study was the lack of consistency of QTL detection across environments. 
Each environment had good fertility and adequate climatic conditions for favorable maize 
production as evidenced in the grain yield at each location (data not shown). GM, which had 
a higher heritability than GY, had more QTL that were detected across environments. Lack of 
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consistency in testers and environments as evidenced in this study would make QTL 
selection unfeasible in a marker-aided selection program. 
Development of superior maize inbreds could be expedited is hybrid performance 
could be predicted early in a breeding program. Bernardo (1994) proposed a predictive 
measure on the basis of relatedness among hybrids as determined by RFLPs, with no 
assumptions made about QTL associations. The concept of identifying QTL for GCA and 
SCA in a breeding program is another approach worth pursuing. QTL for GCA effects could 
be identified by using a panel of several inbreds within heterotic group 'A' as testers on a 
population representing heterotic group 'B', and these groups would be defined in that lines 
from group 'A' in combination with lines from group 'B' are known to produce good hybrids. 
Several assumptions would need to be made which are (i) most QTL are identified within 
these breeding populations, (ii) these QTL explain an adequate proportion of the variation of 
the trait of interest, and (iii) the QTL are consistently expressed in the environments for which 
the lines are developed. Markers linked to QTL for GCA identified with this panel of 'A' 
testers would be used to screen segregating populations in heterotic group 'B'. Individual 
plants from the breeding population determined not to contain loci for good GCA could be 
eliminated before costly testcross and breeding resources were expended. QTL identified for 
good SCA with group 'B' alleles could be used in later generations of inbred development to 
help determine which single-cross combinations among the panel of group 'A' inbreds are 
most likely to produce the best hybrid. This scheme could be practical in maize breeding 
programs where lines between heterotic groups are known to produce good hybrids, and the 
lines or families of lines within these groups are well-defined and often continuously improved 
and recycled within the breeding program. 
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Map length: 1413 cM 













































































Fig. 1. RFLP map constructed for the 10 chromosomes of the Fa generation of 303 maize lines from the cross of Mo17 and H99. 
Loci in italics were assayed in only 153 of the F2:3 lines whereas other loci were assayed on all lines. RFLP loci are listed to the 
left and map distances in cM are listed to the right of the chromosomes. 
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Table 1. Analyses of variance of GY and GM among testers and within lines and parents of 
testcross progeny of an F2:3 maize population in 1992. 
MS for trait 
Source of Variation d.f. GY GM 
Environments (E) 3 1 783.85*" 3 606 635.8*** 
Testers (T) 2 274.66 413 532.4*" 
E x T  6 64.51*" 28 049.5*** 
Lines 
GCA (G) 193 2.69"* 162.1*" 
SCA (G X T) 386 1.00"* 289.1*" 
E X GCA (E X G) 579 0.72*** 192.1*" 
E X SCA (E X G X T) 1 158 0.60** 142.9"* 
Parents 
GCA 1 5.67*** 158.4"* 
SCA 2 0.16 424.7* 
Ex GCA 3 0.85 158.4 
E X SCA 6 0.55 318.7* 
Pooled effective error 2 016 0.52 (2 046df) 119.8 
* ** *** Significant at the 0.05, 0.01, and 0.001 probability levels, respectively. 
Table 2. Parental means, progeny means and ranges, combining effects of Mo17, and heritabilites of GY and GM of testcross 
progeny of a population of 194 F2;3 maize lines evaluated across envrionments in 1992. 
Combining 
Parental means effect F22 proaenv Confidence limitst 
Trait Tester Mo17 H99 0fM0l7t Mean Range /J2 Lower Upper 
GY (Mg ha-1) B91 9.24 8.63 0.31 8.26 7.16 - 9.34 0.53 0.43 0.61 
A632 9.78 9.24 0.27 8.89 6.92 • • 10.40 0.64 0.57 0.71 
B73 9.82 8.91 0.46 9.06 7.19 -9.98 0.57 0.48 0.65 
Avg. 9.61 8.92 0.34 8.74 7.59 -9.80 0.73 0.68 0.78 
GM (g kg-1) 691 237 217 10 224 190 -249 0.79 0.75 0.83 
A632 217 216 1 221 189 -232 0.79 0.74 0.83 
B73 254 236 9 243 220 -272 0.77 0.72 0.81 
Avg. 236 223 7 226 203 -248 0.88 0.86 0.90 
t Specific (within testers) or general (across testers) combining effect of Mo17 relative to H99. 
190% confidence limits on heritability calculated according to Knapp and Bridges (1987). 
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Table 3. Estimates of components of genetic variation with their standard errors and the 
average level of dominance (d) for GY and GM of testcross progeny of a population of 194 
F2:3 maize lines evaluated across environments in 1992. 
Estimates of components of variance 
Trait O2AE CfSot d" 





0.314 ± 0.062 
0.656 ± 0.106 
0.414 ± 0.076 
0.329 ± 0.046 
0.243 ± 0.082 
0.315 ± 0.107 
0.152 ± 0.094 
0.130 ± 0.030 0.100 ± 0.019 0.08 ± 0.03 0.77 





314.6 ± 40.5 
269.7 ± 35.0 
276.2 ± 36.7 
238.1 ±27.4 
44.0 ± 24.7 
141.2 ± 19.0 
54.6 ± 24.7 
48.2 ± 7.9 36.5 ±5.4 23.2 ± 7.02 0.55 
t Dominance variance and dominance-by-environment variance can only be estimated across 
testers. 
Table 4. Phenotypic (above diagonal) and genotypic (below diagonal) correlations with standard errors in parentheses of GY 
and GM among testers across environments in 1992 for a population of 194 F 2:3 maize lines. Values on the diagonal for GY are 







GCA B91 A632 B73 B91 A632 873 
GY B91 0.23" 0.31" 0.34" 0.69" -0.17* -0.02 -0.11 -0.12 
A632 0.49(0.10) 0.22" 0.44" 0.81" -0.09 0.09 -0.02 -0.01 
B73 0.59(0.09) 0.68(0.07) 0.23" 0.78" -0.15* -0.04 -0.20" -0.15* 
GCA 0.78(0.05) 0.89(0.02) 0.89(0.02) 0.30" -0.17' 0.02 -0.14* -0.11 
GM BQI -0.14(0.11) -0.10(0.10) -0.20(0.10) -0.17(0.09) - 0.64" 0.55" 0.85" 
A632 0.01(0.11) 0.13(0.10) -0.05(0.11) 0.05(0.09) 0.76(0.04) - 0.64** 0.88** 
873 -0.17(0.11) -0.01(0.10) -0.20(0.11) -0.14(0.09) 0.68(0.05) 0.81(0.03) - 0.84** 
GCA -0.11(0.11) 0.00(0.10) -0.17(0.10) -0.10(0.09) 0.90(0.02) 0.94(0.01) 0.90(0.02) -
*,** Significant at the 0.05 and 0.01 probability levels, respectively. 
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Table 5. Number of QTL identified and LOD, percentage of phenotypic variation and 
percentage of genetic variation accounted by the multiple model for grain yield and grain 
moisture in 1992 in testcross progeny of a population of 194 F2;3 maize lines. 
QTL numbert Multiple QTL model 
Tester Env. S M LOD % % oSq 
Grain yield 
B91 Ames 2 2 7.2 20 
Calumet 1 1 3.2 8 
Kanawha 4 2 4.7 16 
Nashua 1 1 2.1 8 
Mean 4 3 18.6 24 46 
A632 Ames 2 2 9.0 23 
Calumet 1 1 4.3 11 
Kanawha 0 0 ns4: 0 
Nashua 4 3 11.0 27 
Mean 4 4 13.4 30 47 
B73 Ames 0 0 ns 0 
Calumet 3 2 5.8 14 
Kanawha 1 1 2.1 6 
Nashua 0 0 ns 0 
Mean 1 1 2.4 7 12 
Avg. Ames 3 2 8.7 21 
Calumet 2 2 7.8 19 
Kanawha 4 4 10.4 28 
Nashua 2 2 5.1 12 
Mean 5 5 14.6 34 47 
t Number of QTL identified in the single (S) and multiple (M) models, 
i ns = no significant loci at a LOD of 2.0 were identified. 
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Table 5. (Continued) 
QTL numbert Multiple QTL model 
Tester Env. S M LCD % a2p % 
Grain moisture 
B91 Ames 3 3 11.6 27 
Calumet 2 2 7.7 19 
Kanawha 2 2 5.4 13 
Nashua 4 3 9.1 24 
Mean 5 5 15.0 35 45 
A632 Ames 3 3 12.4 33 
Calumet 5 4 18.5 48 
Kanawha 2 2 6.7 18 
Nashua 3 3 12.0 28 
Mean 3 2 11.9 35 44 
B73 Ames 5 5 19.9 43 
Calumet 4 4 11.1 36 
Kanawha 3 2 6.6 19 
Nashua 2 2 4.4 14 
Mean 4 4 15.1 37 48 
Avg. Ames 5 5 19.6 44 
Calumet 5 5 16.7 38 
Kanawha 5 4 13.7 40 
Nashua 3 2 9.3 30 
Mean 3 3 13.7 36 41 
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Table 6. Comparison of grain yield (Mg ha-i) combining effect QTL within and across 
environments and testers in 1992 for a population of 194 F2:3 maize lines. 
Region Locit SCA 
(a-b-c-d-e) Env. B91t A632 B73 GCA 


























































4L php10025-umc111 Ames 
Calumet 
Kanawha 
Nashua - 0.22M,a§ 
Mean 
t Loci defining region where morphological trait QTL were identified. 
i Upper case letter indicates the parental allele that increased the trait value (M='Mo17', 
H='H99'). The lower case letter indicates the nearest RFLP locus with each locus in a region 
referred to in alphabetical order. For example 0.24M,c for GY in regionIL indicates that the 
combining effect of a Mo17 allele relative to an H99 allele was 0.23 Mg ha-i, and the QTL was 
identified nearest to locus isu6. 
§ QTL identified in single model only, and its effect estimated in the single model. 












































































Table 7. Comparison of grain moisture (g kg-i) combining effects QTL within and across 
envrionments and testers in 1992 for a population of 194 F2:3 maize lines. 
Region Locif SCA 
(a-b-c-d-e) Env. B91t A632 B73 GCA 































































5.8M,b - 5.0M,b 








t Loci defining region where morphological trait QTL were identified. 
i Upper case letter indicates the parental allele that increased the trait value (M='Mo17', 
H='H99'). The lower case letter indicates the nearest RFLP locus with each locus in a region 
referred to in alphabetical order. For example, 4.9H,a in regioniC at Nashua indicates that 
the combining effect of an H99 allele relative to an M017 allele was 4.9 g kg-i, and the QTL 
was identified nearest to locus PI. 
§ QTL identified in single model only, and its effect estimated in the single model. 
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Table 7. (Continued) 
Region Loclt SCA 
(a-b-c-d-e) Env. B91t A632 B73 GCA 

































































































GENETIC MAPPING OF MORPHOLOGICAL TRAITS IN MAIZE ACROSS TESTERS 
AND ENVIRONMENTS 
A paper to be submitted to Crop Science 
Lance R. Veldboom and Micliaei Lee' 
Abstract 
For complex quantitative traits in maize (Zea mays L.) such as grain yield, there is 
poor correlation between the performance of the inbred line and the resultant hybrid progeny. 
Restriction fragment length polymorphisms (RFLPs) were used to map an elite, single-cross 
population QTL associated with combining ability of their testcross progeny. Three inbred 
testers were used: B91, A632, and B73. The replicated testcross progeny were evaluated 
two years for flowering and ear height at one location and for plant height at three locations. 
QTL for specific combining ability (SCA) effects were mapped within each tester, and QTL 
for general combining ability (GCA) effects were mapped by using the trait values averaged 
across the three testers. QTL were identified for SCA and GCA effects for each trait. Across 
all traits, 31% of SCA and 29% of GCA QTL were identified in both years. Differences 
occurred among testers and among traits in the consistency of QTL detected across both 
years. The B91 testcross population had only 17% of the QTL detected across years. For 
traits, anthesis-to-silking interval had only one QTL detected in both years with only one 
tester, A632. QTL for combining effects were always consistent in size when they were 
detected across environments and testers. For QTL detected with more than one tester, the 
parental alleles of the segregating lines were always ranked the same. About 50% of the 
QTL identified in the testcross progeny were in similar regions to QTL identified for the inbred 
lines for anthesis, silk emergence, and plant height. Even though ear height had the highest 
correlation between inbred and testcross progeny, only one of nine QTL in the testcross 
populations for ear height were in common with QTL identified in the lines per se. 
Dep. of Agronomy, Iowa State Univ., Ames, lA 50011. Journal Paper of the Iowa Agric. and 
Home Economics Exp. Stn. Project no. 3134. *Corresponding author. 
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Introduction 
The improvement of complex, quantitatively inherited traits in maize breeding programs 
involves the identification and selection of superior lines on the basis of the performance of 
their testcross progeny throughout the inbred development process (Hallauer, 1990). 
Because there was little correlation between the performance of inbred lines and their hybrid 
progeny, Sprague and latum (1942) proposed the identification of superior lines on the basis 
on their general combining ability across testers and superior hybrids on the basis of the 
specific combining ability of lines. Sprague (1946) demonstrated the usefulness of early 
generation testing of testcross progeny to eliminate lines with poor general performance 
before further inbreeding and extensive testing. These concepts influenced maize breeding in 
that lines were selected on their superiority in testcrosses instead of the visual appearance of 
the lines per se. Little progress beyond Sprague and Tatum's original description towards the 
basic understanding of GCA and SCA has been gained on the underlying factors responsible 
for these effects. By using restriction fragment length polymorphisms (RFLPs) along with 
evaluation of testcross progeny, an understanding of the phenomena of GCA and SCA 
effects can begin by identifying QTL for these effects. 
RFLPs have facilitated the identification of quantitative trait loci (QTL) for many traits in 
F2-derived populations (Beavis et al., 1991; Edwards et al., 1992; Freymark et al., 1993; 
Schon et al., 1993; Veldboom et al., 1994; Veldboom and Lee, 1994a). More complex topics 
in quantitative trait inheritance are now being explored. These include heterosis, (Stuber et 
al., 1992), consistency of QTL detection in diverse environments (Veldboom and Lee, 
1994b,c), and detection of QTL in more complex progeny types such as testcross progeny 
(Gocken, 1993; Beavis et al., 1994; Schon et al., 1994). These studies evaluating testcross 
progeny have demonstrated that QTL for SCA effects with one or two tester inbreds could 
be identified in elite U.S. Corn Belt dent maize populations (Gocken, 1993; Beavis et al., 
1994) and in elite European flint maize populations (Schon et al., 1994), but have not 
demonstrated the ability to detect QTL for GCA effects across testers. Bernardo (1994) has 
97 
demonstrated a method of using best linear unbiased prediction of single-cross yield 
performance of lines by using estimates of genetic relatedness as determined by RFLPs 
along with information on the yield performance of related hybrids. This method, though, 
makes no associations of RFLPs linked to QTLs. 
Previously for grain yield and moisture, QTL for SCA effects among three testers and 
QTL for GCA effects across the testers were reported (Veldboom and Lee, 1994c). For these 
two traits, testers always ranked the parental alleles of the population the same for QTL that 
were identified in common regions across testers. There were few QTL, however, identified in 
common across testers and environments, especially for grain yield. Also for grain yield, QTL 
for SCA and GCA effects were compared to the QTL identified for the inbred lines per se. 
Only one QTL identified by one of the three testers was found in common between the two 
progeny types of the population. Schon et al. (1994) only found partial agreement of QTL for 
inbred lines and their testcross progeny for kernel weight and protein content. 
The first objective of this study was to compare detection of QTL for SCA effects 
among three testcross populations. The second objective was to identify QTL contributing to 
general combining effects by using the original technique recommended by Sprague and 
Tatum (1942) of pooling information over several testcrosses. Finally, comparison of regions 
identified across environments for GCA and SCA effects for grain yield and grain moisture 
were made. 
Materials and Methods 
Population and progeny development 
The single-cross population was developed from adapted and widely used U.S. Corn 
Belt maize inbreds Mo17 and H99. These inbreds have been classified as members of 
Lancaster Sure Crop (LSC) heterotic group according to their pedigree and RFLP patterns 
(Melchinger et al. 1991). Unselected F2 plants were self-pollinated in the 1988-1989 winter 
nursery to produce 153 F2-.3 lines. In the 1989 Ames breeding nursery, 150 of these lines 
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were sib-mated by using 10 plants. In the 1990 Ames breeding nursery, a second group of 
unselected F2 plants from this single cross was self-pollinated to produce 150 more F2-3 lines. 
Testcrosses were made to three inbred testers (B91, A632, and B73). B91 is an 
inbred derived from Iowa Corn Borer Synthetic #1 (BSCB1) which has some of its 
progenitors being LSC lines. B91 was released in 1989 and had a relative maturity 
classification of AES800 (Russell, 1989). A632 and B73 represent Reid Yellow Dent inbreds. 
A632, released in 1964, was derived from three backcross generations with selection for 
earliness with B14, a stiff-stalk inbred, as the recurrent parent. A632 has an a relative 
maturity classification of AES600. B73, derived from Iowa Stiff Stalk Synthetic (BSSS), was 
released in 1972 and has a relative maturity classification of AES800 (Russell, 1972). 
Although B14 and B73 were derived from the same synthetic, they are genetically distinct and 
exhibit a high level of genetic dissimilarity for elite stiff-stalk germpiasm (Melchinger et al., 
1991). A632 and B73 were widely used in hybrids with Mo17 and H99 (Zuber and Darrah, 
1980). Development of testcross (TC) progeny was described previously in Veldboom and 
Lee (1994c). The parents, Mo17 and H99 were also crossed with each tester to produce Fi 
progeny that were included in the performance trials. 
Field design 
The TC progeny were evaluated for morphological traits at three locations across 
Iowa in 1992 and 1993. These included two northern Iowa locations (Kanawha and Nashua) 
and Ames, which has a longer growing season for maize production. The same experimental 
design was used at each location. The TC progeny were grouped in three sets with each set 
composed of progeny from the same tester. Within each set, or tester, the 194 TC progeny 
and the two parental hybrids were included in two replications of a 14-by-14 lattice design. 
The entries were planted in two-row plots which were 5.5 m long with 0.76-m spacing 
between rows. Plots were machine-planted at a density of 76 500 kernels ha-i and were 
thinned at the six- to eight-leaf stage to a density of 62 200 plants ha-i. Fertility and 
cultivation regimes were consistent with optimum maize production. 
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Three measurements of flowering, growing degree days (GDD) to 50% anthesis 
(POL), GDD to 50% silk emergence (SILK), and silk delay or the anthesis-to-silking interval 
(AS!), were recorded as described in Veldboom et al. (1994) for each plot at Ames in 1992 
and 1993. Ear height (EH) was recorded at Ames in 1992 and 1993 on ten competitive plants 
per plot from ground level to the node of primary ear attachment. Plant height (PH) was 
measured on ten competitive plants per plot from the ground level to the tip of the central 
tassel spike. PH was recorded at Ames, Kanawha, and Nashua in 1992 and at Ames and 
Kanawha in 1993. 
RFLP assays 
DNA isolations, Southern hybridizations, and RFLP assays of the parental inbreds 
and the 303 lines were previously described in Veldboom et al. (1994) and Veldboom and 
Lee (1994c). One hundred-seven RFLP loci and one morphological locus, PI, provided a 
linkage map spanning 1413 ciVl with an average interval length of 15 cM. Of the 107 RFLP 
loci, 69 (64%) were evaluated on all 303 lines. The other loci were scored for only the first 
group of 153 lines and were identified as such on the linkage map (Fig. 1). Average inten/al 
length of the 69 loci scored in all lines was 24 cM. A spacing of 24 cM compared with 15 cM 
provides sufficient linkage for QTL detection and would have little effect on the power to 
detect QTL (Darvasi et al., 1993). Details on the formation of the linkage map are described in 
Veldboom and Lee (1994c). Loci will be referred to throughout this paper as being in a region 
such as '3S' where the '3' refers to the chromosome and'S' refers to the short arm, the portion 
above the centromere on our linkage map (Fig.1). Also, 'L' and 'C will refer to the long arm 
and centromeric regions, respectively. 
Data analysis 
Entry means were adjusted for lattice block effects according to Cochran and Cox 
(1957). Heritabilities were calculated on the testcross progeny means within testers and 
across testers according to Hallauer and Miranda (1988). Exact 90% confidence intervals on 
the heritabilities were calculated according to Knapp et al. (1985). Phenotypic and genotypic 
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correlations were calculated between traits on the basis of adjusted testcross means pooled 
within testers and across testers at Ames within years and across years according to Mode 
and Robinson (1959). Standard errors of the genotypic correlations were determined 
according to Falconer (1989). Simple correlations were calculated for each trait between the 
lines per se and their TC progeny. The means of the lines evaluated near Ames in 1989 and 
1990 (Veidboom and Lee, 1994c) and the mean of each TC group evaluated near Ames in 
1992 and 1993 and the progeny means across each TC were used for these correlations. 
The experimental design allowed the experiments to be analyzed as a modified 
Design II mating design (Comstock and Robinson, 1948) with the three inbred testers 
considered as the males and the 195 Fa-derived lines as the females. This design allowed 
tests for differences in general (GCA) and specific (SCA) combining ability effects and the 
environmental interaction with these effects. The adjusted means within each tester and 
environment were used in the combined analyses for both traits. The effective errors of the 
lattice design were pooled across testers and environments to form the experimental error. 
The sums of square deviations were partitioned into variance due to environments {a^E)> 
testers (aSj), ExT interactions, GCA (oSq), SCA (o^qt), ExGCA (oZge), and ExSCA (a2GTE) 
for lines and parents according to Hallauer and Miranda (1988). Expected variance 
components and their standard errors for each of these effects were calculated. Also, additive 
variance dominance variances (oSq), their interactions with environment (o^^b and 
o^de)> and average level of dominance (^) were calculated as per expected variances for 
half-sib and full-sib partitions with inbred males and Fa-derived females for mating design II. 
These values were calculated as: = 4 = 4 o^q^; = 2 cf2gx; g^ob = 2 ctSgje: 
and d" = (2 020/02^)1/2. 
QTL determinations 
Determinations of QTL were made on the adjusted entry means within each tester and 
year combination, the means across testers within each year, the means within each tester 
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across years, and the means across all testers and years. Each of these combinations were 
used to compare how environment affects the determination of QTL for SCA effects (within a 
tester) and GCA effects (across all testers). Interval mapping was performed by using 
MAPMAKER/QTL (Ver. 1.1) (Lander and Botstein, 1989). QTL determinations were made on 
the basis of a method proposed by Bridges (1994) and are described in Veldboom and Lee 
(1994c). Marker intervals were initially identified in a single QTL model 
yj=\iTc + Cikj+ej, 
where yy is the phenotypic mean of the Hh line; ^tc is the weighted mean of TC values of the 
lines which were homozygous for the parental alleles; q is the estimate of the combining 
effect: kj has the value -1 or +1 depending on whether the TC was from an F2:3 homozygous 
for Mo17 or H99, respectively: and ey, is the residual error. With this model, when TC means 
from one TC population are used in the mapping procedure, QTL with significant SCA effects 
are being identified. When TC means averaged across all testers are used, QTL with 
significant GCA effects are being identified. Loci with a heterozygous combination of Mo17 
and H99 alleles in the Fais lines are not considered in the model because the TC progeny 
mean at these loci would be the result of a mix of the two parental types in the same plot. 
Deviations from the model due to progeny from heterozygous parental loci would result from 
sampling differences of the two parental alleles or from competition effects between the two 
parental classes within a test plot. 
Inten/als exceeding a LCD threshold of 2.0 were initially chosen in the single QTL 
model (Veldboom and Lee, 1994c). The intervals that met this criterion were considered the 
initial set of intervals. The initial set of intervals were evaluated in a multiple model in a 
fonward-selection stepwise fashion on the basis of a method described by Hocking (1976) to 
remove those intervals identified due to collinearity of the data. The intervals were 
sequentially fitted to the multiple model 
yy= ^Tc + I-iCikij) + ey, 
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where / refers to the ^h QTL in the model, starting with QTL with the largest significant LOD 
and proceeding in order of decreasing LOD score. To remain in the model, the inten/al had to 
increase the LOD of the model by 2.0 or greater. Intervals that met these criteria were then 
considered as QTL contributing significantly to the trait. Intervals that did not meet this criteria 
were not considered again in the model. 
Genetic effects attributable to individual putative QTL and the total percentage of 
phenotypic variation explained (% aSp) were estimated within the multiple model where all 
significant QTL were fitted simultaneously. Effects of QTL that did not remain in the multiple 
model were reported, but their effects were estimated in the single model. Such loci are 
identified in Table 5. Because the effects of the QTL were estimated in the same experiment 
in which the QTL were found significant, it is realized that the effects will be biased upwards 
(Lande and Thompson, 1990). The proportion of genetic variation explained (% by the 
multiple model was estimated by the ratio: % a^plh^ (Anderson et al., 1993; Schon et al., 
1994). 
Results and Discussion 
Environmental conditions 
The 1992 and 1993 growing seasons at Ames had very different climatic conditions in 
regard to precipitation and accumulation of GDD (Table 1). In 1992, precipitation was much 
less than average in the early part of the growing season, but July had almost three times the 
normal precipitation. Overall, there was 48 mm less precipitation during the 1992 growing 
season. GDD accumulation in 1992 was less than normal with deficits in GDD occurring in 
July and August. The 1993 GDD accumulation was similar to 1992. July and August in 1992, 
however, were near the average GDD accumulation, and the deficit in accumulation of GDD 
came in early May and June and at the end of the growing season in September. The largest 
contrast between 1992 and 1993 was in the amount of precipitation. 1993 was the wettest 
year on record throughout Iowa. This increased precipitation began early in 1993 but was 
103 
most pronounced in July and August, which had over 550% and 350% more precipitation, 
respectively. At Ames where precipitation for the 1993 growing season was 652 mm above 
the average, the plots were continuously saturated. 
Plant growth was stunted, and flowering was delayed in 1993. Differences in grain 
yield were consistent with the differences in these diverse environments. The mean for grain 
yield of the F2:3 TC progeny over all testcrosses was 9.87 Mg ha-i in 1992 at Ames, whereas 
in 1993 the mean was 5.10 Mg ha-i. This difference was exhibited statewide in Iowa in which 
maize had the highest grain yield in 1992 and had the lowest grain yield in 1993 for modern 
maize production (past 30 years). Because of these differences in precipitation, in grain yield, 
and in other traits, we considered 1993 to be a stress environment and 1992 to be a 
nonstress environment. 
Analysis of trait data 
The analyses of variance showed significant differences among environments for 
POL, SILK, and PH (Table 2). There were significant differences among the three testers for 
SILK, but not for any other trait. This difference resulted from A632 TC progeny having fewer 
GDD to SILK. Environment-by-tester interaction was present for ASI, EH, and PH. For ASI, 
this interaction resulted from 891 TC population having increased ASI in 1993 while the other 
two TC populations had no change in ASI. For EH, the B73 TC had decreased EH while the 
other TC had increased EH. For PH, the interaction occurred among locations within years. 
For the ^2-3 TC progeny, all traits had significant differences in GCA and SCA effects. 
Interaction of GCA with environment only occurred for POL, and environmental interaction with 
SCA effects occurred for POL and PH. For the parental combinations, significant GCA effects 
occurred for each trait except POL. Only POL had significant SCA effects with the SCA 
effect for POL resulting from H99 having more GDD in the B91 and A632 crosses, whereas 
Mo17 had higher GDD to POL in the B73 cross (Table 3). There was significant 
environmental interaction with GCA for EH and no environment interaction with SCA effects 
were identified among the parental crosses. 
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Even though there were no significant environment interactions for SCA among the 
parents, small changes in SCA effects between the testcrosses with Mo17 and H99 were 
observed for POL and SILK from 1992 to 1993. Mo17 testcrosses generally required greater 
GDD to POL, SILK, and for ASI. For both POL and SILK, H99 x B91 had greater GDD than 
Mo17 X B91 in 1992 but less in 1993. For the A632 hybrids, the Mo17 cross required greater 
GDD than H99 to POL and SILK in 1992 and less in 1993. Mo17 crosses always had 
greater EH and PH than the H99 crosses. These differences among Mo17 and H99 where 
Mo17 was later flowering and had higher EH and PH were also observed in the inbred 
progeny (Veldboom and Lee, 1994c). 
The TC progeny means of the ¥2:3 lines were generally within the range of the 
parental crosses. The exception was average ASI for the B73 TC exceeded both parental 
crosses. Transgressive segregation was present for ail traits in all tester-by-environment 
combinations. POL, SILK, and ASI had higher GDD in 1993 for all TC populations. PH were 
decreased in 1993 among the TC populations, but EH increased slightly for the 891 and 
A632 TC in 1993. For the Fgra lines per se from this population, flowering and plant and ear 
heights responses were the same under similar environments (Veldboom and Lee, 1994c). 
Heritability of the TC were moderate for the flowering traits and high for EH and PH 
(Table 3). B91 TC progeny generally had slightly lower heritability than the other TC 
progenies for the flowering traits. The heritabilities for all traits and tester combinations almost 
always decreased in the stress environment. 
For all traits, additive genetic variance was the largest component of the genetic 
variance (Table 4). Dominance variance was smaller than additive for all traits but had the 
largest effect on ASI. Additive-by-environment variance was negligible for POL, EH, and PH, 
but was large relative to the additive variance for SILK and ASI, especially for the B91 TC. 
Dominance-by-environment variance was a larger component of genetic variance for SILK 
and ASI than the other traits. Average level of dominance also reflected the importance of 
additive effects usually with d <0.50 for POL, SILK, EH, and PH. Average levels of 
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dominance were higlier for ASI, but only in the individual environments. The stress 
environment usually decreased oSAfor POL, EH, and PH and increased it for SILK and ASI. 
increased in the stress environment for every trait except PH which was also reflected in 
a corresponding change in average level of dominance. 
Phenotypic and genotypic correlation were similar across testers among all traits 
except for ASI which had poor to no correlation with most traits (Table 5). SILK had medium 
correlation with ASI, and POL was highly correlated with SILK. But, POL and SILK were 
generally not correlated. EH and PH also showed a high correlation. POL and SILK had 
medium correlation with EH and with PH which indicated a relationship between reproductive 
maturity and vegetative growth. These correlations among traits within TO populations were 
very similar to the correlation of these traits among the Fgia lines per se (Veldboom and Lee, 
1994c). The only differences were the lines per se had no or very low correlation between 
POL and PH, between SILK and EH, and between SILK and PH. 
Correlation of traits between specific combining effects of testers were generally low 
but significant (Table 6). PH did have relatively higher correlations among testers. There 
were very good correlations between SCA effects of a tester and the GCA effects of the 
lines. Sprague and Tatum (1942) recognized the ability of a single cross to have some 
predictive utility in determining GCA; however, SCA with one tester was a poorer predictor of 
SCA effects with another tester. 
Detection of QTL 
QTL were detected for all traits and within each TC population in at least one 
environment (Table 7). There were differences in the number of QTL detected among traits 
and among TC populations within traits. For the flowering traits, three to five QTL were 
detected for each tester-by-environment combination. For ASI, though, less than three QTL 
were usually detected. Usually three or four QTL were detected for EH and PH. 
Among testers, the B91 TC exhibited fewer QTL than the A632 or 873 TC for each 
trait. The largest differences in testers occurred for SILK, in which B91 TC had only one or 
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two QTL, and for ASI, in which B91 TC had only one QTL detected in 1993. This difference 
does not seem to be due to a lack of variability within B91 TC, but the B91 TC did have 
lower heritabilities than the A632 and B73 TC, indicating less of its variation was due to 
genetic factors. B91 is the tester from the same heterotic group as the Fgis lines. Therefore, 
fewer differences between alleles at loci may occur compared to the unrelated testers. 
Additionally, A632 and B73 TC generally exhibited as many or more detectable QTL than the 
average of the testers which included the B91 TC. This indicated that crosses with unrelated 
testers may provide more information than the related testcross in detecting QTL. 
Evaluating the TC populations in a stress environment did not seem to reduce the 
ability to detect QTL for these traits, even though the heritabilities of the traits were generally 
smaller in the stress environment (Table 7). For any trait-by-tester combination, there were 
usually differences, although small, in the number of QTL detected between the two years, 
but it varied as to which environment had more QTL detected. In general, the mean 
environment detected as many or more QTL as either individual environment. This small 
amount of differences between diverse environments also occurred with the F2:3 lines per se, 
which were also evaluated in diverse environments (Veldboom and Lee, 1994c). 
Fitting QTL to a multiple model seems to be the best approach to removing false 
positives (Beavis et al., 1994; Bridges, 1994). Also, the multiple model is considered most 
appropriate for estimating QTL effects because of the reduction in the residual variance when 
all QTL are included in the same model (Jansen and Stam, 1994). Out of 60 multiple QTL 
models for the traits in this study, 23 had a reduction of one to three regions of the QTL 
identified in the single models (Table 7). The amount of phenotypic variation accounted for 
by the multiple models had few differences among environments and testers, although large 
differences did occur when two or fewer QTL were in the model (Table 7). SILK and ASI 
generally had the least percentage of phenotypic variation accounted, and EH and PH had 
the most phenotypic variation accounted. Traits with lower heritabilities generally had the 
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least amount of phenotypic variation explained by QTL. This was also observed in the ^2-3 
lines (Veldboom and Lee, 1994b) and expected theoretically (Lande and Thompson, 1990). 
Comparison of effects of GCA and SCA QTL 
Choice of tester for determining QTL for combining ability may have a relatively small 
effect for morphological traits. In regions which had QTL detected with more than one tester, 
the parental alleles of the population were always ranked the same. For example, the QTL 
on 1L for POL was identified in each TC, and each one had the Mo17 allele increasing the 
GDD. Another important similarity among testers was that the combining effect of QTL 
usually corresponded in relative size. The B91 TC generally had fewer QTL detected for 
traits than the other two testers. B91, with Lancaster Surecrop lines in its background, has 
the closest relationship to the F2:3 lines. The decrease in the B91 TC in detecting QTL was 
also observed for grain yield and grain moisture (Veldboom and Lee, 1994d). 
Correlation among TC populations were significant but often low. PH, which had the 
highest correlation among TC populations, did not have any more QTL commonly detected 
among the testers than the other traits. For ASI, the A632 and 873 TC populations had the 
highest correlation (rp = 0.41) and also had the most QTL in common among TC (Table 9). 
The other combinations had very poor correlations and had fewer QTL in common. For all 
traits, the highest correlations occurred between an individual TC and the GCA for the lines. 
QTL for GCA were identified in regions that had QTL detected with at least one tester and 
often by more than one tester. 
QTL were identified in 10 genomic regions for POL and in 9 genomic regions for SILK 
(Table 8). POL had four regions (1S, 1L, 2L, and 3L) that were detected in each 
environment. The other regions containing QTL for POL generally were detected in one or 
two testcrosses in only one environment and the mean environment. No pattern of common 
SCA QTL among the stiff-stalk testers nor different QTL for SCA between the LSC and stiff-
stalk testers was observed. Seven of the 10 regions detected for POL were also detected 
for SILK. Each of these regions had the same parent contributing to increasing the SCA or 
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GCA in POL and SILK. Usually the same TC progeny populations had QTL detected within 
them in these regions for POL and SILK. SILK only had three regions that QTL were 
detected in both environments with at least one tester (2L, 3L, and 9C). Three regions (1S, 
5S, and 5L) were detected in the 1993 stress environment and mean environment only, but 
no region had QTL detected in the 1992 environment only. 
ASI had five regions in which SCA or GCA QTL were detected (Table 9). Both 
parents contributed QTL that increased the trait value. Two regions (1L and 9C) for ASI 
were detected for POL and SILK, and one more region on 5L was also detected for SILK. 
The region on 1L, though, had a change in parental contribution. In this region, Mo17 alleles 
increased the value of POL and SILK, but H99 alleles with the tester alleles increased ASI. 
This reversal among these traits was also exhibited in the F2;3 lines per se evaluations 
(Veldboom and Lee, 1994c). 
EH and PH, which were highly correlated among all testers (Table 5), had many 
common features. Seven of the eight regions detected for EH also had QTL detected for PH 
(Table 10). One of these regions (1L) explained a large proportion of the phenotypic 
variation for both traits in all testers and all environments. This region in the single QTL model 
accounted for 32 to 50% and for 24 to 47% of the phenotypic variation for EH and PH, 
respectively, among the TC populations (data not shown). The locus that these QTL are 
generally closest was an1, the qualitative mutant anther ear, which is an andromoneocious 
dwarf. Other researchers have noticed these corresponding regions for plant height ( Beavis 
et al., 1991; Stuber et al., 1992). The 3S and 4L regions had several QTL detected in the 
single model only for both EH and PH but not remaining in the multiple model. It is possible 
that this region had collinearity of RFLP data with another region which contains a QTL for 
these traits, and when fitted in the same model these two regions fall out of the multiple model. 
However, no associations between this locus and other loci were detected for these traits. 
The influence environment had on QTL detection depended on the trait. Little or no 
environment interactions seemed to be present for POL and SILK, although differences did 
occur among QTL with individual testers. Two of the loci for ASI were environmentally 
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dependent. The region on 2L was detected in the nonstress year, 1992, and the region on 
9C was detected in the stress year, 1993. interestingly, the region on 2L in the lines per se 
was detected in the stress, or wet environment, only and not the nonstress environment 
(Veldboom and Lee, 1994c). It is noted, however, that the stress and nonstress 
environments in the two progeny evaluations were not the same set of environments. 
Environmental influence on QTL seems to be greater for PH than for EH. For EH, only one 
region (8L) had a QTL detected in only one environment, whereas for PH, there were five 
regions that had QTL detected in only one environment. Four of these QTL were only with 
the B73 tester. The QTL on 2L did occur across all testers in 1992 but not 1993 for PH. The 
region on 2S occurred in 1993 with B73 TC and the ones on 3L, 6L, and 9L occurred in 1992 
only with 873 TC. 
Correlation of the testcross progeny and the inbred lines per se were medium for the 
flowering traits and high for ear and plant heights (Table 5). Loci commonly expressed in 
inbreds and hybrid progeny may explain the higher correlation between testcross and line per 
se performance obsen/ed for the higher heritable traits such as flowering compared to less 
heritable traits such as grain yield (Hallauer and Miranda, 1988). Five of the 10 regions for 
POL QTL were also detected in the F2-.3 lines per se (Veldboom and Lee, 1994c). These 
were on map regions 1L, 2L, 6L, 7L, and 8L. Also in these regions, the rank of the effects of 
the Mo17 and H99 alleles with the tester alleles remained the same as the performance of the 
alleles in the lines per se. For example, the Mo17 allele with the tester allele increased the TC 
progeny value for POL on chromosomal region 1L, and the Mo17 allele increased the POL in 
the lines per se also. The same five regions that had QTL detected in TC and line per se 
progeny for POL were also detected in both progeny types for SILK. The QTL on 2L was 
detected in the line per se for ASI. [1L]: In the lines per se, this same region accounted for 
32% and 34% of EH and PH respectively (Veldboom and Lee, 1994c). In both progeny 
types, the Mo17 allele is increasing the value of these traits. This region also was important 
for POL and SILK in both progeny types. Besides the QTL on 1L, no other QTL in TC and 
line per se progeny occurred for EH even though EH had the highest correlation between 
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inbred and testcross progeny. PH had five of the 12 regions detected in TC progeny also 
detected in the lines per se. These included 1L, 2S, 4S, 6L, and 7L. This similarity in TC and 
per se QTL was in contrast to grain yield in which more QTL were detected in the testcross 
progeny than the lines per se (Veldboom and Lee 1994d). Schon et al. (1994) found partial 
agreement of QTL mapping results for F3 lines and their TC for the traits protein content and 
kernel weight. 
Conclusions 
Differences in detection of SCA QTL did occur, but no patterns in map location of SCA 
QTL emerged among testers. The most closely related tester, B91, usually had the fewest 
QTL identified among traits. Choice of appropriate tester remains a difficult issue among 
maize breeders (Hallauer, 1990), and it may also be a difficult choice in mapping QTL in 
testcross populations. The ranking of Mo17 to H99 alleles remained the same among tester 
alleles for all QTL identified in the same region for a trait. It might be expected that interaction 
of the parental alleles would occur with the tester alleles. Even though differences in SCA 
QTL occur, most regions which had SCA QTL detected also had GCA QTL detected. 
Therefore, it seems that GCA effects were most important because very few SCA QTL 
occurred independently of GCA QTL. This was also reflected in the much higher proportion 
of additive variances compared to dominance variances for these traits. Early in modern 
maize breeding, Sprague and Tatum (1942) recognized the importance of GCA in initially 
selecting lines in breeding programs and then determining good SCA effects in final hybrid 
combinations. If QTL for GCA effects could be identified in breeding populations, then 
marker-aided selection techniques could be used to identify lines which most likely would 
have superior performance for selected traits before extensive breeding efforts and 
testcrossing were initiated. 
QTL mapping in two diverse environments seemed to be quite consistent for these 
traits. Each of the traits had a few QTL detected in only one environment. The most effective 
strategy seems to be mapping QTL in the mean environment, which detected most of the 
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QTL in each environment. This would be equivalent to identifying mean performance QTL, 
which would presumably provide the set of QTL that contribute to trait expression in both the 
stress and nonstress environments (Veldboom and Lee, 1994c). 
Flowering and plant stature traits generally have higher heritabilities and higher 
correlations between inbred and TC progeny than do traits such as grain yield (Hallauer and 
Miranda, 1988). These traits generally had more loci detected in both inbred and TC progeny 
as compared with grain yield. High correlation between inbred and TC progeny, as for EH, 
did not always correspond to a large proportion of QTL in common between the two progeny 
types. In general, the morphological traits, which had higher heritabilities and higher correlation 
between progeny types, had more QTL consistently detected across testers and among 
inbred and TC populations. 
Evidence continues to be gathered that loci for quantitative and qualitative traits are 
the same loci. In the TC progeny, QTL for PH were most closely associated to a locus for a 
dwarf mutant on 1L. Also, in the B73 TC progeny, a QTL for PH was found on chromosome 
9 in a region that QTL have been found in other studies (Beavis et al., 1992; Helentjaris and 
Shattuck-Eidens, 1987). This region is known to contain another dwarf mutant, d3. 
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Map length: 1413 cM 






































































Fig. 1. RFLP map constaicted for the 10 chromosomes of the Fa generation of 303 maize lines from the cross of Mo17 and H99. 
Loci in italics were assayed in only 153 of the F2:3 lines whereas other loci were assayed on all lines. RFLP loci are listed to the 
left and map distances in cM are listed to the right of the chromosomes. 
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Table 1. Precipitation and GDD accumulation site averages and deviations from the site 
average per month and for the growing season 1992 and 1993. 
Precipitation(mm) GDD Accumulationf°C) 
Deviations in Deviations in 
Month Averaget year Averaget year 
1992 1993 1992 1993 
May I l l  -85 75 218 21 -20 
June 130 -115 64 324 -2 -18 
July 88 172 328 392 -71 -8 
Aug. 99 -42 165 359 -82 9 
Sept. 82 22 20 239 2 -67 
May-Sept. 509 -48 652 1532 -133 -103 
t Site average based on data from 1951-1980. 
Table 2. Analyses of variance among testers and within lines and parents across environments for flowering and plant stature 
traits of testcross progeny of a population of 194 F2;3 lines. 
Mean square M.S. 
Source of Variation d.f. POL SILK ASI EH d.f. PH 
Environments (E) 1 390 468.1* 483 307.6** 4 946.6 231.5 4 484 813.1*** 
Testers (T) 2 89 344.0 119 035.3** 2 463.0 33 143.2 2 30 395.2 
ExT 2 5 085.0 932.2 2 716.4** 3 863.0* 8 7 916.6*** 
Lines 
GCA (G) 193 1 010.1*" 1 452.7*** 443.8*** 514.5*** 193 1 054.9*** 
SCA (G X T) 386 234.1*** 456.1*** 189.5* 46.5*** 386 143.0*** 
E X GCA (E X G) 193 131.3 310.8** 159.7*** 31.7*** 772 50.9*** 
ExSCA(ExG xT) 386 129.7 297.5*** 155.2*** 29.1** 1 544 38.7 
Parents 
GCA 1 181.6 1 433.6* 445.7* 3 274.1*** 1 6 579.3*** 
SCA 2 513.7* 539.5 3.6 53.6 2 100.3 
Ex GCA 1 31.3 244.9 129.0 262.4*** 4 85.9 
Ex SCA 2 167.1 387.1 65.6 7.6 8 46.6 
Pooled effective en^or 1 014 129.6 229.6 111.2 22.5 2 531 36.3 
. Significant at the 0.05,0.01, and 0.001 probability levels, respectively, 
t ns = nonsignificant at the 0.05 probability level. 
Table 3. Parental means, progeny means and ranges, combining effects of Mo17, and heritabilites in 1992,1993 and the mean 
environment for testcross progeny of 194 F2:3 maize lines. 
Combining 
Parental means effect Fo^ progeny 90% confidence iimits± 
Tester Env. Mo17 H99 ofMo17t Mean Range Lower Upper 
POL (GDD) 
B91 1992 778 791 -7 787 761 - 823 0.47 0.32 0.59 
1993 807 799 4 807 779 - 866 0.42 0.26 0.55 
Mean 793 795 -1 797 772 - 840 0.66 0.57 0.73 
A632 1992 767 765 1 765 738 - 790 0.74 0.67 0.80 
1993 786 799 -6 796 763 - 821 0.61 0.50 0.69 
Mean 777 782 -3 780 752 - 800 0.77 0.71 0.82 
B73 1992 802 781 10 787 760 - 822 0.75 0.68 0.80 
1993 833 805 14 813 784 - 847 0.60 0.49 0.69 
Mean 817 793 12 800 772 - 834 0.78 0.72 0.83 
GCA 1992 782 779 2 780 753 - 805 0.83 0.79 0.86 
1993 809 801 4 805 782 - 839 0.72 0.67 0.77 
Mean 797 794 1 796 774 - 827 0.87 0.84 0.90 
SILKfGDD) 
B91 1992 792 804 -6 801 772 - 844 0.60 0.48 0.68 
1993 843 815 14 829 785 - 901 0.45 0.29 0.57 
Mean 818 809 4 815 784 - 865 0.44 0.29 0.56 
A632 1992 784 772 6 781 758-816 0.67 0.58 0.74 
1993 808 811 -2 812 772 - 862 0.55 0.43 0.65 
Mean 796 792 2 797 766 - 824 0.60 0.49 0.69 
873 1992 820 792 14 806 776 - 855 0.72 0.64 0.78 
1993 849 809 20 834 788 - 894 0.65 0.55 0.72 
Mean 835 800 8 820 783 - 869 0.79 0.73 0.83 
GCA 1992 799 789 5 796 772 - 823 0.82 0.79 0.86 
1993 834 812 11 825 791 - 867 0.69 0.62 0.74 
Mean 817 806 6 814 786 - 852 0.79 0.73 0.83 
ASUGDD) 
B91 1992 13 14 -1 14 0-37 0.43 0.28 0.56 
1993 34 14 10 21 • 00
 
0.46 0.30 0.57 
Mean 23 14 5 18 2-47 0.21 0.00 0.38 
A632 1992 16 10 3 16 0-46 0.52 0.38 0.62 
1993 21 13 4 17 -3-52 0.47 0.32 0.58 
Mean 18 11 4 16 1 -35 0.44 0.29 0.56 
B73 1992 18 11 4 19 0-43 0.58 0.46 0.67 
1993 16 5 6 20 -1 -74 0.49 0.34 0.60 
Mean 17 8 5 20 3-59 0.61 0.50 0.69 
GCA 1992 15 11 2 17 4-34 0.66 0.59 0.72 
1993 24 11 7 19 2-50 0.62 0.54 0.69 
Mean 19 12 4 18 5-36 0.64 0.54 0.72 
EH (cm) 
B91 1992 113 88 13 103 87 -126 0.81 0.75 0.85 
1993 110 96 7 105 84-132 0.72 0.64 0.78 
Mean 112 92 10 104 85 -126 0.83 0.78 0.86 
A632 1992 110 76 17 93 73-115 0.85 0.81 0.88 
1993 107 83 12 95 80-116 0.82 0.76 0.86 
Mean 109 79 15 94 79-114 0.87 0.84 0.90 
873 1992 124 95 15 109 90-134 0.86 0.83 0.89 
1993 106 94 6 103 86 -126 0.79 0.73 0.83 
Mean 115 95 10 106 89 -131 0.86 0.82 0.89 
GCA 1992 116 86 15 101 88 -124 0.94 0.92 0.95 
1993 108 91 8 101 87 -123 0.90 0.88 0.92 
Mean 112 91 11 103 88 -125 0.94 0.92 0.95 
t Specific or general combining effect of Mo17 relative to H99 within each tester or across testers, respectively, 
i 90% confidence limits on heritability calculated according to Knapp and Bridges (1987). 
Tables. (Continued) 
Combining 
Parental means effect lines 90% confidence limitst 
Tester Env. Mo17 H99 ofMo17t Mean Range /i2 Lower Upper 
PH(cm) 
B91 1992 299 283 8 292 271 - 312 0.87 0.84 0.90 
1993 263 248 7 258 239 - 281 0.61 0.51 0.70 
Mean 285 269 8 279 262 - 300 0.87 0.84 0.89 
A632 1992 298 267 16 284 268 - 304 0.85 0.81 0.88 
1993 265 251 7 257 243 - 273 0.77 0.71 0.82 
Mean 285 261 12 273 258 - 292 0.89 0.87 0.91 
B73 1992 308 284 12 293 272 - 317 0.91 0.89 0.93 
1993 275 254 11 262 246 - 277 0.88 0.85 0.91 
Mean 295 272 12 281 263 - 301 0.94 0.93 0.95 
GCA 1992 302 278 12 290 273 - 306 0.94 0.93 0.95 
1993 268 251 9 259 246 - 275 0.89 0.86 0.91 
Mean 288 267 11 277 262 - 294 0.95 0.94 0.96 
Table 4. Estimates of components of genetic variation of testcross progeny of an F2;3 maize population, their interactions with 
environments, and the average level of dominance (d) combined across environments in 1992 and 1993. 
Estimates of components of variance 





269.01 ± 66.46 
361.50 ± 101.79 




321.43 + 45.42 
306.22 + 55.15 




491.65 ± 69.12 
433.35 ± 78.89 
441.90 ± 58.56 20.60 + 30.35 
GCA 1992 304.28 ± 37.57 42.31 1 11.68 0.37 
1993 283.94 ± 40.30 62.31 1 19.08 0.47 
Mean 292.93 ± 34.39 1.18 19.66 52.1819.61 0.131 10.94 0.42 
SILX(GDD) 
B91 1992 463.64 1 85.90 
1993 917.85 1 242.39 
Mean 404.05 1 105.48 
A632 1992 251.56 + 40.37 
1993 566.61 1 114.85 
Mean 300.53 1 54.52 
873 1992 758.13 + 111.24 
1993 811.97 1 136.07 
Mean 754.52 + 98.78 
GCA 1992 378.36 1 46.85 
1993 490.38 1 73.86 
Mean 380.65 1 50.15 
302.94 ± 116.23 
110.14 ± 46.10 
30.53 ± 49.46 
84.57+ 16.71 0.47 
208.72 + 44.66 0.65 











1992 90.64 + 24.73 
1993 378.12 ±96.88 
Mean 62.23 ± 37.38 172.15 + 51.06 
1992 100.39 122.13 
1993 192.67 147.93 
Mean 84.68 122.52 61.84 125.14 
1992 194.69 137.57 
1993 294.44 1 69.95 
Mean 205.87136.86 38.701 32.08 
1992 76.85 1 12.04 38.7917.96 0.71 
1993 177.13 + 29.75 83.46 120.45 0.69 
Mean 94.69 1 15.92 32.30 1 11.27 17.1818.79 43.951 12.19 0.43 
1992 176.51 1 22.60 
1993 191.63128.23 
Mean 171.70 1 21.29 12.38 1 8.48 
1992 187.63 1 22.68 
1993 166.31 1 21.03 
Mean 163.48 1 19.19 13.48 + 5.65 
1992 232.04 1 27.46 
1993 170.32 1 22.43 
Mean 182.54 1 21.72 18.6416.81 
1992 178.93 + 19.40 14.84 + 2.67 0.29 
1993 155.161 17.53 15.70 + 3.45 0.32 
Mean 160.95 1 17.40 6.09 1 2.24 8.72 11.97 6.55 1 2.31 0.23 
t Dominance variance and dominance-by-environment variance can only be estmated across testers. 
Table 4. (Continued) 
Estimates of components of variance 





161.55 ± 18.87 
114.08 ± 20.16 
138.44 ± 16.18 
2.56 ± 6.77 





163.69 ± 19.65 
112.47 + 15.12 
138.06 ± 15.71 
7.89 ± 8.04 
13.63 ±7.83 




246.68 ± 27.45 
168.20 ± 19.44 
208.61 ± 22.50 
9.58 ± 6.43 
-1.79 ±5.79 
11.71 ±4.37 
GCA 1992 158.12 ± 17.01 5.79 ± 2.26 24.39 ± 2.68 0.67 ± 2.22 0.39 
1993 110.76 ± 12.69 2.30 ± 3.02 15.62 ± 3.07 4.86 + 3.51 0.38 
Mean 133.87 ± 14.25 9.70 ± 1.85 20.88 ± 2.07 2.35 ± 1.72 0.39 
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Table 5. Phenotypic (above diagonal) and genotypic (below diagonal) correlations at Ames in 
across 1992 and 1993 for flowering and plant stature traits of testcross progeny of 194 
maize lines. Correlations between the testcross progeny and the lines per se evaluated 
across 1989 and 1990 at Ames are given on the diagonal. Standard errors of genotypic 
correlations are given in parentheses. 
Trait Tester POL SILK ASI EH PH 
POL B91 0.51** 0.83** 0.13 0.46** 0.36** 
A632 0.56** 0.79** -0.15* 0.49** 0.46** 
B73 0.55** 0.80** 0.05 0.57** 0.54** 
GCA 0.62** 0.83** -0.01 0.59** 0.52** 
SILK B91 0.94(0.02) 0.46** 0.66** 0.28** 0.25** 
A632 0.86(0.03) 0.41** 0.49** 0.24** 0.42** 
873 0.86(0.02) 0.51** 0.64** 0.40** 0.57** 
GCA 0.87(0.02) 0.59** 0.55** 0.37** 0.50** 
ASI 891 0.05(0.22) 0.38(0.24) 0.34** -0.12 -0.05 
A632 -0.26(0.12) 0.26(0.15) 0.40** -0.30** 0.03 
873 0.17(0.11) 0.65(0.06) 0.36** -0.07 0.26** 
GCA -0.02(0.10) 0.48(0.08) 0.47** -0.21** 0.11 
EH 891 0.70(0.05) 0.58(0.09) -0.19(0.19) 0.72** 0.76" 
A632 0.59(0.06) 0.36(0.09) -0.42(0.10) 0.75** 0.74** 
873 0.68(0.05) 0.47(0.07) -0.11(0.10) 0.71** 0.73** 
GCA 0.66(0.04) 0.45(0.07) -0.27(0.07) 0.78** 0.76** 
PH 891 0.70(0.06) 0.69(0.07) 0.08(0.22) 0.79(0.04) 0.62** 
A632 0.57(0.06) 0.65(0.06) 0.15(0.13) 0.78(0.03) 0.65** 
873 0.66(0.05) 0.69(0.05) 0.35(0.09) 0.74(0.04) 0.68** 
GCA 0.63(0.05) 0.63(0.05) 0.15(0.10) 0.78(0.03) 0.73** 
*,** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table 6. Phenotypic (above diagonal) and genotypic (below diagonal) correlations among 
testcross progeny of a population of 194 F2-.3 maize lines across years for flowering and plant 
stature traits. Standard errors of genotypic correlations are given in parentheses. 
Trait Tester B91 A632 B73 GCA 
POL B91 0.42" 0.56" 0.87" 
A632 1.34(-0.23) 0.32" 0.67" 
B73 1.88(-0.68) 0.59(0.45) 0.76" 
GCA 0.95(0.01) 1.81 (-0.58) 1.90(-0.59) 
SILK B91 0.28" 0.40" 0.82" 
A632 1.22(-0.24) 0.29" 0.59" 
873 1.59(-0.54) 0.60(0.61) 0.74" 
GCA 0.94(0.01) 1.63(-0.59) 1.90(-0.66) 
ASI 891 0.20" 0.21" 0.67" 
A632 1.51 (-1.15) 0.41" 0.65" 
873 1.63(-1.20) 0.90(0.03) 0.73" 
GCA 0.87(0.05) 1.90(-1.24) 2.09(-1.30) 
EH 891 0.53" 0.55" 0.93" 
A632 0.87(0.03) 0.51" 0.62" 
873 0.93(0.02) 0.70(0.10) 0.63" 
GCA 0.97(0.01) 0.91(0.02) 0.96(0.01) 
PH 891 0.68" 0.70" 0.89" 
A632 0.77(0.03) 0.66" 0.87" 
873 0.77(0.03) 0.71(0.04) 0.90" 
GCA 0.92(0.01) 0.90(0.02) 0.92(0.01) 
** Significant at the 0.01 probability level. 
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Table 7. Number of QTL identified and LOD, percentage of phenotypic variation and 
percentage of genetic variation accounted by the multiple model for morphological traits in 
1992,1993, and the mean environments for the testcross progeny of a population of 194 Fgrs 
maize lines. 
Number QTLt Multiple QTL model 
Tester Env. S M LOD % a2p % OSq 
POL 
B91 1992 5 3 15.5 41 87 
1993 4 3 9.4 24 58 
Mean 5 4 17.8 45 68 
A632 1992 3 3 8.0 20 27 
1993 5 5 19.3 47 76 
Mean 5 5 19.4 45 58 
B73 1992 5 5 21.2 50 66 
1993 4 4 19.7 49 82 
Mean 5 5 25.0 58 74 
GCA 1992 5 3 14.3 37 45 
1993 5 4 17.8 47 65 
Mean 5 5 22.4 54 62 
B91 1992 3 2 10.0 25 41 
1993 1 1 2.6 10 22 
Mean 4 2 7.2 21 49 
A632 1992 2 2 7.2 17 25 
1993 4 4 16.9 35 63 
Mean 5 4 18.7 37 61 
B73 1992 5 4 14.8 35 49 
1993 3 3 10.0 27 42 
Mean 5 5 18.3 43 54 
GCA 1992 0 0 nst 0 0 
1993 4 3 12.7 30 44 
Mean 5 5 19.6 46 58 
ASI 
B91 1992 0 0 ns 0 0 
1993 1 1 2.3 8 17 
Mean 0 0 ns 0 0 
A632 1992 3 3 13.4 32 62 
1993 2 1 4.2 12 24 
Mean 4 4 16.5 37 84 
B73 1992 1 1 2.5 6 11 
1993 2 2 7.8 24 49 
Mean 3 3 10.5 30 50 
GCA 1992 2 2 8.6 23 34 
1993 2 2 8.6 25 41 
Mean 2 2 7.8 23 36 
t Number of QTL identified in the single (S) and multiple (M) models, 
i ns = no significant loci at a LOD of 2.0 were identified. 
Table 7. (Continued) 
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Number QTL+ Multiple QTL model 
Tester Env. S M LOD % a2p % ct2q 
m 
B91 1992 3 3 25.8 63 78 
1993 1 1 14.3 36 49 
Mean 3 3 24.6 58 70 
A632 1992 5 4 23.6 53 62 
1993 4 3 20.9 52 63 
Mean 5 4 26.5 56 64 
B73 1992 4 3 21.2 52 60 
1993 4 3 25.3 62 78 
Mean 4 3 25.1 60 69 
GCA 1992 4 3 26.8 59 63 
1993 5 5 30.0 62 69 
Mean 4 4 31.1 68 72 
EU 
B91 1992 3 3 25.0 54 62 
1993 1 1 9.9 22 36 
Mean 3 3 23.3 45 52 
A632 1992 4 3 20.6 44 52 
1993 4 4 21.3 48 62 
Mean 4 4 22.9 49 55 
873 1992 6 6 32.1 60 66 
1993 4 3 20.8 49 56 
Mean 6 5 28.6 56 60 
GCA 1992 3 3 25.7 54 57 
1993 5 2 22.1 46 51 
Mean 4 3 28.3 56 59 
Table 8. Comparison of QTL for POL and SILK combining effects within and across 1992 and 1993 environments for testcross 
progeny of a population of 194 F2;3 maize lines. 
Region Locif Env. Trait 
(a-b-c-d-e) POL(GDD^ SILKfGPm 
SCA SSA 
B91t A632 B73 GCA B91 A632 873 GCA 








































































































































































9.3M,b 8.1 M,b 
8.2M.b 5.8M,b 
t Lcx:i defining region where morphological trait QTL were identified. 
t Upper case letter indicates the parental allele that increased the trait value (M='Mo17', H='H99'). The lower case letter 
indicates the nearest RFLP locus with each locus in a region refen-ed to in alphabetical order. For example 6.2M,b for POL in 
regionIS for B73 indicates that the combining effect of a Mo17 allele relative to an H99 allele was 6.2 GDD, and the QTL was 
identified nearest to locus npi234. 
§ QTL identified in single model only, and its effect estimated in the single model. 
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Table 9. Comparison of QTL for ASI (GDD) combining effects within and across 1992 and 






A632 B73 GCA 
1L isu6-umc86A 1992 . 3.2H,a _ . 





2L umc131-Agp2 1992 _ 3.6M,b 3.4M,b 2.7M,b 
1993 - - - -
Mean - 2.6M,b 3.4M,b -
3L isu1-Sh2 1992 . 3.2M,b . 2.8M,b 
1993 - 5.2M,b 6.9M,a 4.3M,b 
Mean - 3.9M,b 5.3M,a 3.2M,b 
5L umc51-isu10 1992 _ . _ _ 
1993 - - - -
Mean - 2.2H,a - -
9C C1-bnl3.06 1992 _ . -
1993 5.7M,a - 5.4M,a 4.3M,a 
Mean - - 3.9M,a 2.9M,a 
t Loci defining region where morphological trait QTL were identified. 
t Upper case letter indicates the parental allele that increased the trait value (M='Mo17', H='H99'). The lower 
case letter indicates the nearest RFLP locus with each locus in a region referred to in alphabetical order. For 
example 3.2H,a in regioni L indicates that the combining effect of an H99 allele relative to a Mo17 allele was 3.2 
GDD, and the QTL was identified nearest to locus isu6. 
§ QTL identified in single model only, and its effect estimated in the single model. 
Table 10. Comparison of QTL for EH and PH combining effects within and across 1992 and 1993 environments for testcross 
progeny of a population of 194 F2;3 maize lines. 
Region Locif Env. Trait 
(a-b-c-d-e) EH (cm) PH(cm> 
SCA SCA 
B914: A632 B73 GCA 891 A632 873 GCA 








































































- - - 3.5H,b 
2.5H,b 
-








2.8H,b : ; -
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t Loci defining region where morphological trait QTL were identified. 
i Upper case letter indicates the parental allele that increased the trait value (M='Mo17', H='H99'). The lower case letter 
indicates the nearest RFLP locus with each locus in a region referred to in alphabetical order. For example 7.4M,c for EH in 
regioni L for B91 indicates that the combining effect of a Mo17 allele relative to an H99 allele was 7.4 cm, and the QTL was 
identified nearest to locus isu18. 
§ QTL identified in single model only, and its effect estimated in the single model. 
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GENERAL CONCLUSIONS 
Sufficient variation within this elite single-cross maize population and opportunistic 
environments for evaluation of the lines per se and the testcross progeny allowed the 
investigation of several eminent topics in quantitative trait inheritance. These included the 
detection of QTL in diverse environments including a stress environment in lines per se, 
investigation of the relationship of underlying factors among correlated traits, detection of QTL 
for SCA and GCA effects, the investigation of the environmental interaction on these effects, 
and the observation of the relationship among QTL controlling traits in the lines per se and the 
testcross progeny. 
For the lines per se, differences existed in the number of QTL that were commonly 
detected between two diverse environments. Atlin and Frey (1989) concluded that yield of 
oat under high productivity and low productivity environments were controlled by a 
substantially different set of alleles. In this study, there were differences in QTL, but there 
were also similarities in many of the loci. Over all of the traits, only 50% of the QTL detected 
in one environment were also detected in the other environment. The QTL that were detected 
in both environments were consistent with respect to the parent contributing to increased trait 
values and the size of the effect. However, changes in the size of effects did not always 
correspond to the changes in the means of the lines per se between the two environments 
indicating the presence of environment-by-QTL interactions at some of the loci. No changes 
in parental direction, though, were detected among QTL that remained in the multiple models. 
The use of more than one environment in QTL determinations seems to be imperative 
in detecting QTL. An effective strategy to obtain the most information from both environments 
seems to be mapping QTL by using the mean of the trait values in the environments tested. 
For grain yield and its components, the mean environment allowed the detection of 74% of all 
QTL and 81% of the QTL detected in each of the individual environments. For the 
morphological traits, 69% of all QTL were detected in the mean environment and 81% of the 
QTL in the nonstress and 71% of the QTL in the stress environment were detected in the 
mean environment. More QTL for the morphological traits were detected in the stress 
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environment. The cause of this is unl<nown, but it may be that water stress had a greater 
effect on flowering traits than the other traits resulting in more loci being detected under the 
stress conditions. 
Detection of QTL by using the mean of the environments could be considered the 
same as selection for lines that perform well in the mean of a stress and nonstress 
environment (Rosielle and Hamblin, 1981). These QTL should be QTL that contribute to 
good mean performance of the lines in stress and nonstress environments. QTL that have 
good mean performance across environments would be advantageous in marl<er-aided 
selection programs in that genotypes without alleles for good mean performance could be 
eliminated without extensive testing across diverse environments. 
Correlations among traits generally were reflected in the location and parental 
contribution of alleles of the QTL for these traits across the genome. Traits such as grain yield 
and ear length which were highly correlated had many QTL in common regions with the same 
parental contribution. Traits such as ear number per plant and cob diameter which were not 
correlated had only one out of eight regions containing QTL for these traits, and the parental 
contributions were opposite. However, anthesis and anthesis-to-silking interval which had a 
very low correlation had four out of six regions containing QTL for these traits, each with the 
same parental contribution. In general, correlation among traits are the sum of positive and 
negative linkages and pleiotropic effects of loci across the genome (Aastveit and Aastveit, 
1993). Traits that are not correlated can have loci in common through linkage or pleiotropy. 
Therefore, It must be realized that selection of individual QTL in a marker-aided program can 
also result in changes in noncorrelated traits. 
An increasing amount of evidence is being obtained supporting Robertson's (1985) 
theory that quantitative and qualitative trait inheritance are controlled by the same loci with 
alleles of having a wide distribution effects. Beavis et al. (1991), Edwards et al. (1992), and 
Veldboom et ai. (1994) have observed the apparent correspondence of QTL for plant height 
in regions known to contain qualitative mutants for plant height. In this population, a probe for 
a plant height mutant, an1, was obtained and used as an RFLP marker. It mapped to a locus 
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on chromosomal region 1L. This region contained a major QTL for plant height, and with the 
addition of this locus, plant height was most closely associated with this locus. This QTL for 
plant height is the largest one detected in this population explaining 34% of the phenotypic 
variation of plant height. 
Mapping of SCA and GCA QTL in this population was possible for all traits. One 
consistent feature of these QTL was that the parental alleles of the population were ranked 
the same across testers and environments for all QTL that occurred in common regions. No 
tester-by-allele interactions occurred for any of the QTL of any of the traits. Because 
differences among testers in their ability to rank the performance of lines occurs (Hallauer, 
1990), it would be expected that tester alleles would differentially interact with the parental 
alleles of the population. 
The ability of testers to differentially rank the performance of lines might not lie in the 
ranking of the parental alleles but in the interaction of the tester with different loci for the traits. 
For grain yield and grain moisture, few SCA and GCA effects were detected in common. Most 
regions seemed to be detected randomly among testers and environments with few 
consistent trends being observed. Grain moisture did have three of 13 regions in which with 
two or three of the testers, SCA and GCA effects were detected in almost every environment. 
Anthesis and silking had the most regions in which SCA and GCA QTL were detected in 
common regions. The morphological traits as a group also had more QTL that were detected 
across environments than the grain traits had. 
The morphological traits had a higher proportion, albeit not a large proportion, of 
regions identified as having QTL for SCA and GCA effects in which QTL were detected 
controlling these same traits in the lines per se. In each of these instances, the testers ranked 
the parental alleles the same as the alleles were ranked in the per se evaluations. Many 
studies have shown that plant height and flowering traits have a slightly higher correlation 
between inbred lines and their corresponding hybrids than does grain yield (reviewed by 
Hallauer and Miranda, 1988). 
136 
The concept of detecting QTL for SCA and GCA effects could have major implications 
in maize breeding programs. In many maize breeding programs, defined reference 
populations are continuously used and recycled in the development of new maize inbreds. If 
QTL for GCA effects within these defined populations could be identified, then selection of 
potential genotypes out of these populations could be facilitated by selection of lines that 
contain favorable GCA alleles. This could be used as a screen to eliminate many genotypes 
before extensive line development work and expensive testcross evaluation begins and 
allow the maize breeder to focus time and efforts on the most promising genotypes. If SCA 
QTL could also be identified in these reference populations, then determination of appropriate 
hybrid combinations might also be facilitated. 
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